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Chapter 1
 
Introduction  
 
1.1 Short history and definitions of industrial robots 
A definition of an industrial robot is essential for understanding control of industrial robots. Therefore, 
nowadays, some formal definitions are given for consideration. But before that, it is necessary to trace 
back to the beginning that why robots were invented, and recall the development history of industrial 
robots.  
The word “robot” was introduced by a Czech novelist Karel Capek in a 1920 play Rossum’s Universal 
Robots. He used the Czech word “robota” to mean simply “work”. In the course of centuries, human 
beings have constantly attempted to find out substitutes that would be able to mimic their behavior in 
the various instances of interaction with the surrounding environment. They hope the substitute to do 
jobs that are dangerous, repetitive jobs that are boring, stressful and laborintensive, and menial tasks 
that human don’t want to do. Especially when humans are intolerable or impossible to survive in some 
very special circumstances, they hope robots can complete the desired operations instead of them.  
It may be precisely because of these motivations, in 1941, the Russian science fiction writer Isaac 
Asimov first used the word "robotics" to describe a robot as an automaton of human appearance but 
devoid of feelings. Its behavior was dictated by a “positronic” brain programmed by a human being in 
such way as to satisfy tertian rules of ethical conduct. In the short story "Runaround" of Isaac Asimov, 
which was presented in 1942, a set of rules was introduced. The set of rules, as a symbol of the science 
devoted to the study of robots, was called The Three Laws. 
The Three Laws with a later added zeroth (forth) law are: 
1. A robot may not injure humanity, or, through inaction, allow humanity to come to harm. 
2. A robot may not injure a human being or, through inaction, allow a human being to come to 
harm. 
3. A robot must obey the orders given to it by human beings, except where such orders would 
conflict with the First Law. 
4. A robot must protect its own existence as long as such protection does not conflict with the 
First or Second Law. 
 From science fiction into reality, in 1954, George Devol and Joe Engleberger invented the first 
programmable material handling arm, see Fig.1.1. With Joseph F. Engelberger, George Devol founded 
the first company Unimation in 1956 to produce a robot that its main use at first was to transfer objects 
from one point to another. Then, this later became the first industrial robot, completing spot welding 
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and extracted die castings on an assembly line at General Motors in 1962 [1]. In the 1960s, the original 
imagination and expectation of “robot” ultimately came true and since then, the world robotics 
revolution began quickly along with the computer revolution.  
 
 
Fig. 1.1 The invention of industrial robot (an extract from [1]) 
 
Between the 1960s and 1980s, several representative events in the development history of industrial 
robots shall be remembered [2]. 
In 1963, the first artificial robotic arm to be controlled by a computer is designed at Rancho Los 
Amigos Hospital in Downey, California.  
In 1969, a six-degree-of-freedom Stanford arm, which is the first successful electrically powered, 
computer-controlled robot arm was created by Victor Scheinman, who was a mechanical engineering 
student working in the Stanford Artificial Intelligence Lab. Scheinman’s concepts have strongly 
influenced the subsequent designs of robots. 
In 1973, the first industrial robot with six electric motor-driven axes known as FAMULUS, was born 
in German robotics company KUKA. In the same year, the world’s first microcomputer controlled 
electric industrial robot, IRB-6 was introduced by company ASEA (now ABB). 
In 1974, Pf. Victor Scheinman, a developer of the Stanford Arm, invented the Silver Arm which was 
a robotic arm that small part assembly using touch and pressure sensors to feedback information to a 
microcomputer. 
In 1977, a five axis vertically jointed, articulated type industrial robot MOTOMAN-L10 with a 
capability of a maximum workload of 10 kg was introduced by Japanese company Yaskawa Elec. 
Corp. A control system of the robot was equipped with a separate programming pendant used to record 
the robot’s position one by one and had a magnetic memory which did not require a backup. 
In 1978, a selective compliance assembly robot arm (SCARA) was invented by Hiroshi Makino of 
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Yamanashi University, Japan. A ground-breaking four-axis low-cost design was perfectly suited for 
small parts assembly as the kinematic configuration allows fast and compliant arm motions. 
In 1981, Takeo Kanade built a direct drive arm. It is first to have motors installed directly into the 
joints of the arm. This development makes joints faster and much more accurate than previous robotic 
arms. 
 From 1980s, the industrial robot industry started to grow rapidly. With growing requirements for 
industrial robots, many companies focused on industrial robots to evolve them to be used for more 
extensive and complicated applications. 
 Then, what exactly is an industrial robot? 
One of interesting definitions of manipulator which was adopted by JIRA (Japan Industrial Robot 
Association) in 1986 is given as follows. 
● A machine, the mechanism of which usually consisting of a series of segments jointed or sliding 
relative to on another, for the purpose of grasping and moving objects usually in several degrees 
of freedom. It may be controlled by an operator, a programmable electronic controller, or any 
logic system (e.g. cam device, wired, etc.) 
This definition is representative and includes general characteristics of other definitions in use. It states 
a basic “structure” of a manipulator, “purpose” of use of manipulators and the most important 
characteristic of a manipulator that is “programmable”.  
Several other definitions such as the definition adopted by RIA (USA Robotic Industries 
Association): 
● A robot is a reprogrammable multifunctional manipulator designed to move material, parts, tools, 
and specialized devices through variable programmed motions for the performance of a variety 
of tasks, 
and the definition adopted by BRA (British Robot Association): 
● An industrial robot is a reprogrammable device designed to both manipulate and transport parts, 
tools, or specialized manufacturing implements through variable programmed motions for the 
performance of specific manufacturing tasks, 
state more precisely that robots are reprogrammable manipulators. 
Most of the organizations nowadays agree more or less to the definition of industrial robots, 
formulated by the ISO (International Standardization Organization). 
● An automatically controlled, reprogrammable, multipurpose manipulator programmable in three 
or more axes, which may be either fixed in place or mobile for use in industrial automation 
applications.  
In this definition, several key words: automatically controlled, reprogrammable, multipurpose, axes, 
fixed or mobile shall be emphasized. These key words precisely and integrally interpret the essential 
characteristics of the modern robots used for industrial applications. In details, it also can be 
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understood that a robot shall be reprogrammable for automation without physical alteration of 
mechanical structure and control system, shall be capable of being adapted to a different application 
with physical alternations. It can be used in a fixed place or either in the form of mobile. 
 
1.2 Current main applications and requirements for industrial robots 
Up to now, after nearly sixty years of development of industrial robot manipulators, it is not a rare 
thing to see that industrial robot manipulators are working instead of human beings. In six decades, 
the industrial robot manipulators were mainly used in automotive industry. They served for welding, 
car body painting, automobile parts cutting and so on; see Fig.1.2, [3]. At the same time, in general 
industry, industrial robot manipulators are also extensively used for instance, conveyor line assembly, 
silicon wafer transfer and so on; see Fig. 1.3, [3]. For different industrial applications, requirements 
for industrial robot manipulators are of course different. Brief descriptions about several main 
applications of industrial robot manipulators and their requirements are presented as follows. 
 
 
(a)  Welding                     (b)  Car body painting 
 
 
(c)  Auto parts cutting 
Fig. 1.2 Typical applications of industrial robots  
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(a) Conveyor line packaging 
 
 
(b) Silicon wafer transfer 
Fig. 1.3 Applications of industrial robots for general industry 
 
Welding is one of the major uses of industrial robot manipulators. Generally, industrial robot 
manipulators that are used for welding are called welding robots and welding robots are mainly 
employed to complete two distinct types of welding operations, spot and arc welding. The former spot 
welding is a process to join two contacting metal parts by the heat obtained from resistance to electric 
current. The process uses two shaped copper alloy electrodes to concentrate welding current into a 
small "spot" and to simultaneously clamp two contacting metal parts together. A welding robot used 
for spot welding is required to have higher mobility and dexterity to permit the welding tool to be 
aligned properly at the desired weld point without the gun coming into contact with other portions of 
the metal parts. Meantime, in order to carry the reasonably heavy welding tools, large point-to-point 
servo-controlled robot manipulators are normally used. The second arc welding is to create an electric 
arc between an electrode and the base material by welding power supply, then, to melt the metals at 
the welding point. In this case, a welding robot is required to have better weld consistency and decrease 
cycle times of welding, in other words, high quality and high efficiency of welding. A continuous-path 
servo-controller robot that is specially designed for this single application is most usually the choice. 
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Industrial robot manipulators are also the best choice for spray-painting operation of car bodies, 
which is a task that human beings should not perform due to the potential health risks. The major 
benefit of using industrial robot manipulators for spray-painting is that the resultant coating will be far 
more uniform than a human being could ever produce. This results in a higher-quality product, less 
reworking of parts, and considerably less paint being used [4]. Almost for the same reason, industrial 
robot manipulators are often used for parts cutting. The uses of parts cutting robots in a great extent 
avoid potential fire hazard, and more importantly, higher quality of cutting can be expected. 
Without considering potential dangerous factors of above shown operations, industrial robot 
manipulators are also employed for completing repetitive jobs such as typical assembly and parts 
transfer because human beings feel extremely tedious for these long time and repetitive jobs. In these 
applications, industrial robot manipulators are taught the desired points and the sequence of operations. 
Then, industrial robot manipulators are strictly required to work according to the taught sequence and 
to complete entire operations of assembly or transfer. In these applications, certainly, human beings 
hope industrial robot manipulators can assemble diverse parts or transfer some certain parts like 
veteran workers, who have very good work efficiencies. 
The various applications of industrial robot manipulators both in automotive industry and general 
industry truly reflect initial hopes of human beings for industrial robots. As the substitute of human 
labor, industrial robot manipulators are strongly expected to work at higher accuracy and with higher 
efficiency. According to a study of the International Federation of Robotics (IFR) titled “Positive 
Impact of Industrial Robots on employment”, the adoption rate of robots measured in number of robots 
per 10,000 employees in manufacturing between 2008 and 2011 is on the rise. With more and more 
adoption of industrial robot manipulators, the requirements of high accuracy and high efficiency for 
industrial robot manipulators increasingly become more and more severe. Therefore, the achievement 
of high productivity of industrial robot manipulators becomes an extremely important research topic. 
In addition, in modern world, an industrial robot manipulator is also required to be able to cope with 
a variety of operations. In other words, an industrial robot manipulator is not only able be used for 
certain kind of operations, it must be capable of producing a variety of products, rather than a large 
number of the same product models [5] [6]. 
 
1.3 Research topics and outline of the thesis 
The field of robotics draws on a multitude of engineering disciplines. As a branch of robotics, the 
industrial robot manipulator also covers very large technical areas such as mechanical, electrical, 
software and control. To meet growing requirements for industrial robot manipulators, studies in 
control area are conducted in this paper. From control perspective, there is no doubt that high 
performance control of industrial robot manipulators is important and especially necessary for 
productivity improvement and a variety of productions. High performance control is in fact a basic 
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but broad concept. What exactly is high performance control? In this paper, high performance control 
of industrial robots indicates high speed and high accuracy positioning control of industrial robot 
manipulators.  
To achieve high performance control of industrial robot manipulators, researchers have tried their 
best to study some new control strategies for several decades. As a result, many effective control 
strategies such as computed-torque control, trajectory tracking control and so on have been extensively 
used nowadays, and the applications of these strategies have made the high performance control of 
industrial robot manipulators to a new level. However, for the studies of control strategies, it can be 
said to some extent that these studies have only concerned with control strategies. Some other factors 
such as command and mechanical characteristics that are closely related to high performance control 
have not been paid too much attention. In this paper, in addition to presentation of a new control 
strategy, research topics that are related to command processing and mechanical characteristics are 
also described. But before explaining the corresponding details, basic components of an industrial 
robot system are given as follows for better understanding the research topics. 
An industrial robot manipulator system is given in Fig. 1.4. The basic components of an industrial 
robot manipulator system are: 
● Command generation system 
● Controller system 
● Industrial manipulator 
 
 
Fig. 1.4 Industrial robot manipulator system 
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Strictly speaking, sensory devices should be also included in an industrial robot manipulator system. 
In this paper, the most usual welding applications of industrial robot manipulators are mainly taken 
into account. The high performance control study objects are assumed to be welding robots. Generally, 
welding robots are not equipped with sensory devices that are used for observing spatial positions due 
to two reasons. One is high cost of sensory devices. The other is that the very poor working conditions 
of welding robots are not suitable for using sensory devices. Hence, sensory devices are not taken into 
account in this paper.  
High accuracy is one of important parameters for high performance control of industrial robot 
manipulators. The factors of accuracy improvement are improvement of the actuators, speed reduces 
and encoders, progress of the calibration and control methods, and application of external sensors [7]. 
In other words, the improvement of control performance of industrial robot manipulators should not 
rely on study of single aspect. From this perspective, this paper differs from traditional literature of 
high performance control. The achievement of high performance control is considered in three aspects; 
command processing, control strategy and identification of mechanical characteristics.  
Generally, command is firstly essential for no matter what kind of completion of operation. The 
application of command processing technique contributes to high quality of completion of operation 
because in some cases the processed command becomes smooth and easy for tracking of industrial 
robot manipulators. In addition, mechanical characteristics fundamentally dominate performance of 
industrial robot manipulators. Meantime, they are also closely related to control performance. Clearly 
understanding some special mechanical characteristics probably advances control performance. So, 
good results are expected in which command processing and mechanical characteristics are studied 
together with study of control strategy.  
Specifically, first, in some cases industrial robot manipulators must be moved along the desired 
trajectory (e.g. arc welding robots, painting robots). However, due to some hardware limitations such 
as low computing performance of command generation system, a series of digital commands output 
from command generation system may be not the most suitable form for the follow-up performance 
of arc welding or painting robots. The unsuitable digital commands perform longer sampling cycle 
due to lower computing speed of command generation system. As a result, a multi-rate sampling 
problem occurs between command generation system and controller system and it mostly leads to 
appear of control delay and deterioration of tracking performance. Therefore, to reduce the control 
delay and improve the tracking performance of industrial robot manipulators, the original digital 
command is usually processed by using a technique called interpolation. The interpolated command 
becomes smooth and easy for tracking. Especially, it becomes possible to be used for achieving perfect 
tracking control [8], which is a digital feed-forward control algorithm to track desired time varying 
signals. In many interpolation techniques, Spline interpolation is considered to be the best and it has 
been extensively used in usual cases. But, Spline interpolation technique has some shortcomings in 
Chapter 1 Introduction 
 
- 9 - 
 
the case of interpolation of position command, which may be very critical for positioning control of 
industrial robot manipulators. To resolve the problems, a simple and successive command processing 
technique titled “A new interpolation methodology for position” is studied for high-speed and high-
accuracy control of industrial robot manipulators in this paper. 
 The second topic is related to control strategy, which is decoupling control of industrial robot 
manipulators. For the control problem of spot welding robots, it is different from arc welding or 
painting robots. The control problem is concerned with moving the control object from one point to 
another. This type of robots are usually called Point to Point (PTP) robots. From the perspective of 
accuracy, the transient path to the final point is not important in control of PTP robots. Therefore, the 
coupling effect that normally results in small vibration of end effector of a spot welding robot during 
the transient path is not taken seriously. Especially, in traditional high-speed control applications, 
control input may be large enough that coupling torque between two links of an industrial robot 
manipulator will be small in comparison and may not significantly affect control results. Conversely, 
if a small control input is used to obtain precise movement, in some instances, the coupling torques 
reduce the control input to a point where no motion results. According to [7], the accuracy has been 
improved from 1mm to 0.5mm~0.3mm in the case of large robots, and from 0.1mm to 0.005mm in 
the case of small robots. In the case, decoupling control becomes especially important, no matter for 
accuracy or efficiency. The goal of the decoupling control is to give a spot welding robot an ability to 
perform fast, precise movements and links of the spot welding robot can perform independently 
without influence of coupling effect. In this paper, a new decoupling control strategy by using Model 
Following Control is proposed. 
 The last topic is an identification problem of friction. Friction is a very important mechanical 
characteristic for control. For industrial robot manipulators, friction is an old but new subject. 
Researcher have studied friction for a long time since the industrial robot manipulators was produced. 
Friction research is also new for industrial robot manipulators because new and effective friction 
models have been proposed continually with development of understanding of friction. Therefore, the 
corresponding identification of friction with new friction model is important for the high performance 
control of industrial robot manipulators. In this paper, a new identification strategy for friction is 
proposed in order to effectively and accurately identify the friction of gear transmissions, which has 
not been studied so far. 
 This paper is arranged in five chapters 
In chapter 2, a new interpolation methodology of position command is proposed and described in 
details. The description begins with in comparison with spline interpolation, which is considered to be 
the most effective interpolation technique and frequently used for command interpolation. With the 
proposed interpolation algorithm, simulations are employed to show that the new interpolation 
methodology is a successive interpolation technique and better than Spline interpolation, and it is 
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characterized by the high interpolation accuracy.  
 In chapter 3, the proposed decoupling control of 2-link manipulator by using Model Following 
Control will be presented. The derivation of Lagrange’s equation is reviewed firstly to contribute to 
the derivation of the coupling model of a 2-link manipulator. Then, designs of feed-forward loop and 
feedback loop of Model Following Control are shown respectively in details. At last, several 
simulations are conducted to verify the effectiveness of the proposed decoupling control strategy. 
 The content of identification of gear transmissions’ friction will be shown in chapter 4. As the applied 
friction model of this paper, LuGre friction model is presented firstly. Then, the problems of 
identification of industrial robot manipulators are listed and the respective resolutions are given. With 
the identified LuGre model, simulation results are employed to compare with the experimental results, 
to verify the effectiveness of the proposed new identification methodology. 
 The conclusions of this paper are shown in chapter 5. The successful points and problems of whole 
research, and future study will be described.  
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Chapter 2 
 
A new interpolation methodology for position command 
 
2.1 Interpolation technique 
 Interpolation is used to estimate a value of a function between two discrete known position 
commands. With interpolation technique, the function that passes through all the original discrete data 
points will be found. One of typical applications of the interpolation technique is curve fitting and a 
well-known Spline interpolation [9] [10] is mostly used for curve fitting. 
 Due to the superior characteristic of Spline interpolation that is much fit for original data points, 
Spline interpolation is conventionally used in the optimum trajectory planning of industrial robot 
manipulators [11] [12]. Moreover, Spline interpolation technique has also been extensively studied 
and used in high-speed and high-accuracy control for industrial robot manipulators. It has been 
demonstrated very good effect of improving control speed and accuracy [13]-[16]. 
However, there are several shortcomings in the case of position command interpolation using Spline 
interpolation. 
(1) Spline interpolation is not an efficient interpolation manner in the case of digital position 
command interpolation. In high performance control of industrial robot manipulators, interpolation 
can be seen as a medium, which connects command output and command execution and plays the role 
of command processing. An efficient interpolation technique shall be able to realize successive (means 
one by one) interpolation when the digital data point of command is output one by one from command 
generation system. Controller system of industrial robot manipulators is thereby able to instantly 
obtain the processed digital data point of command and begins to execute command. However, Spline 
interpolation is inapplicable to successive position command interpolation because Spline function 
that is a function to connect all digital data points of command will not be found if all digital data 
points of position command are not known. As a result, control process of controller system is delayed 
and finally Spline interpolation results in deterioration in whole control performance. 
(2) Position command interpolation using Spline interpolation has an overshoot problem, which 
is the most unacceptable problem in high-speed and high accuracy positioning control for industrial 
robot manipulators. An interpolation example of the position command using Spline interpolation is 
shown in Fig. 2.1. Notice that the interpolated position command vibrates around the goal position 
(0.05m). The vibration around goal position is most likely to lead to the overshoot of a position 
response when the interpolated command is originally used. Hence, Spline interpolation is not a proper 
interpolation technique for the interpolation of position command. 
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(3) Enormous computation complexity of algorithm of Spline interpolation makes Spline 
interpolation difficult to be put into practice. Especially, it is nearly impossible when the digital 
position command of industrial robot manipulators is too long. In fact, general industrial robot 
manipulators are not and also not able to be equipped with high performance computing systems 
(controller system) due to an issue of cost. Therefore, taking computation complexity of Spline 
interpolation and capacity of computing systems into account, Spline interpolation is too complex for 
general industrial robot manipulators.  
With above considerations, there is no doubt that it is necessary to study a new interpolation 
methodology which is capable of interpolating position command in successive manner. The new 
methodology should be able to avoid the overshoot problem and be simple for practical application. 
In this paper, the new interpolation methodology for position command is proposed. 
 
 
(a) Whole view 
 
(b)  Enlarged view of steady part 
Fig. 2.1 Overshoot problem in Spline interpolation 
 
2.2 Basic function used for a new interpolation methodology 
 A function is introduced in the new interpolation methodology. The function is called basic function 
in this paper and it is given by 
N
su
N Tttf 22 )(  , ……………………..…………… (2.1) 
where t  is a time variable, suT  is a sampling time of position command generation system (i.e. a 
high-order controller), N  is the natural number. Three essential properties of the basic function are 
given as follows in order to better understand details of the new interpolation methodology presented 
later. 
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Property 1: The basic function f  is a function of t  and is continuous and symmetric over  
interval of  suT0 . 
Property 2: The basic function f  is integrable over interval of  suT0 . 
Property 3: The basic function f  is continuously differentiable over interval of  suT0 .  
The basic function f  with its integral and differential are shown in Fig. 2.2. Notice that integral 
and differential of the basic function are also functions of time variable t  and both are continuous 
over interval of  suT0 . The new interpolation methodology is based on above three properties, 
which will be presented in detail in next section. 
 
 
(a) Basic function 
 
            
                (b) Integral                           (c) Differential  
Fig. 2.2 Basic function, integral and differential 
 
2.3 Policies and algorithm of a new interpolation methodology 
In this section, policies and algorithm of the proposed new interpolation methodology will be 
illustrated. But first of all, for simplicity, the process of interpolation will be illustrated with Fig. 2.3.  
Digital data point of position command )1(refX , )2(refX , )3(refX  and so on are generated in a 
high-order controller of an industrial robot manipulator. The sampling time of the high-order controller 
is usually longer than the sampling time of a low-order controller (i.e. servo controller). The sampling 
time of a low-order controller is shown as sT  in Fig. 2.3. Each digital data point is output to low-
order controller (i.e. servo controller) in chronological order. Interpolation between two digital data 
points will be implemented in low-order controller (i.e. servo controller) with sampling time of sT  
during time interval from 0  to suT . The same process continues till the interpolation between the 
last two digital data points is completed. 
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Fig. 2.3 Process of interpolation 
 
 
Fig. 2.4 Position command and interpolation 
 
An ideal successive interpolation manner is supposed to be like that to conduct the interpolation 
between two digital data points in the servo controller instantly when the second of two digital data 
points is output from the high-order controller. In contrast, the new interpolation methodology have 
achieved the successive interpolation manner by using information of three digital data points. An idea 
of the new successive interpolation is illustrated as follows with Fig. 2.4. 
The new interpolation methodology also attempts to achieve high-accuracy interpolation of position 
command in addition to achievement of a successive interpolation manner. Thus, interpolation of 
acceleration and velocity are also carried out. To complete acceleration and velocity interpolation, 
acceleration and velocity of each data point of position command must be known in advance. In new 
interpolation methodology, acceleration and velocity of each digital data point is defined and is 
considered to be acceleration and velocity command of interpolation. The definitions are based on 
position information of three digital data points, hence, the achievement of the new successive 
interpolation manner is based on three digital data points. 
Chapter 2 A new interpolation methodology for position command 
 
- 5 - 
 
Specifically, assuming that three digital data points of position command )(kX ref , )1( kX ref  and 
)2( kX ref  are output from the high-order controller to the servo controller, the new idea for 
successive interpolation is to conduct the interpolation between two digital data points ( )(kX ref , 
)1( kX ref ) when the third digital data point ( )2( kX ref ) is output. Acceleration and velocity 
command become possible to be defined when the third position command point ( )2( kX ref ) is 
output. Therefore, the interpolation between two digital data points )(kX ref  and )1( kX ref  is able 
to be completed until the high-order controller outputs the third digital data point )2( kX ref . With 
position information of )2( kX ref , a successive interpolation is ultimately able to be implemented. 
The relevant details are presented subsection 2.3.1 
 
2.3.1 Policies 
 Three policies of the new interpolation methodology are summarized as follows. For simplicity, the 
basic function and its integral and differential are called function A, function B and function C. 
 
Policy 1: Specify acceleration and velocity command of digital data point 1)(kXr ef  .  
Policy 2: Do acceleration interpolation between (k )Xr ef  and 1)(kXr ef   by using function B . 
Policy 3: Calibrate velocity and position errors by using function B . 
 
The definitions of acceleration and velocity command of )1( kX ref  are the beginning of the new 
interpolation methodology. Acceleration command of )1( kX ref  is specified for acceleration 
interpolation and velocity command is specified for calibrating velocity errors. With specified 
acceleration command, the acceleration interpolation is implemented by using function B. Function B 
is continuous and smooth over interval of  suT0 , it can be thereby used for obtaining a smooth 
acceleration interpolation. 
After acceleration interpolation, as a matter of fact, there are errors between actual velocity and 
velocity command, actual position and position command. The errors must be corrected. Function B 
is employed to correct the velocity and position errors. The reason why function B is employed for 
correcting velocity and position errors is that to avoid the interaction among three policies.  
Acceleration is generated when function B is used to correct velocity error. The generated 
acceleration is the differential of function B, which is also function A. Referring to Fig. 2.2 (a), notice 
that value of function A is zero when t is equal to 0  and suT . It indicates that the calibration of the 
velocity error with function B will not cause any value errors to acceleration interpolation. It can be 
also said that policy 2 does not interact with policy 1.  
Velocity and acceleration are generated when function B is used to correct position error. The 
generated velocity and acceleration are function A and function C. Values of function A and C are also 
zero when t  is 0  and suT . It also means that calibration of the position error with function B will 
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not have any influence on previous acceleration interpolation and calibration of velocity error. 
Consequently, it can be said that three policies do not interact with each other. Acceleration, velocity 
and position can be accurately interpolated by using these three policies.  
 
2.3.2 Algorithm 
In order to realize the three policies, an interpolation algorithm is provided as follows. There are 
five steps in the algorithm. 
(1) Define acceleration and velocity command. 
In the new interpolation methodology, velocity and acceleration command are respectively defined 
as follows. 
su
refref
ref
T
kXkX
kV
2
)()2(
)1(

 , ……..………………….. (2.2) 
su
su
refref
su
refref
ref
T
T
kXkX
T
kXkX
kU
)()1()1()2(
)1(



 , …………... (2.3) 
where )1( kVref  and )1( kU ref  are specified velocity and acceleration command. Initial velocity 
and acceleration command is assumed to be zero in the new interpolation methodology.  
In definitions, notice that three digital data points )(kX ref , )1( kX ref  and )2( kX ref  are used. 
The definitions of velocity and acceleration command offer an explanation for that why three digital 
data points of position command are necessary for the new interpolation methodology. In addition, 
values of velocity and acceleration command are the values of average velocity and acceleration 
between )(kX ref  and )2( kX ref . It means that motion between )(kX ref  and )2( kX ref  is 
assumed to be the uniform motion when velocity command is specified. Motion between )(kX ref  
and )2( kX ref  is assumed to be the uniformly-accelerated motion when acceleration command is 
specified. The specified velocity and acceleration command in Eq. 2.2 and Eq. 2.3 also obey the laws 
of physics; velocity is equal to the acceleration multiplied by the time, 
surefref TkUkV )1()1(  . 
……………………...….…... (2.4) 
(2) Implementation of acceleration interpolation. 
With specified acceleration command, the interpolation of acceleration will be implemented by using 
function B. An example of the basic function is given by 
44 )( suTttf  , 
…………………………....….…... (2.5) 
where 
...,2,1,0 iiTt s . ………….…………………… (2.6)
 
An integral of the basic function is 
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54637289 12642054031570630 tTtTtTtTtdtf susususu  , …..….….... (2.7) 
where the integral is multiplied by 630 for simplicity of calculations and a constant of integration is 
considered to be zero.  
Assuming that the value error between )(kUref  and )1( kU ref  is given by 
)()1( kUkUU refref  , 
………………………….…... (2.8) 
then, according to policy 2, the integral of the basic function is used to calculate U  
dtfCU
suT
 0630  
   suTsusususu tTtTtTtTtC 054637289 12642054031570   , 
…………………………………………....... (2.9) 
where C  is a constant and 
 
9
)()1(
su
refref
a
T
kUkU
C

 . 
Acceleration interpolation shown as 
REFa  can be obtained as 
 UkUa refREF )( . ……………………………….. (2.10) 
Velocity and position are generated by U  and the generated velocity aV  and position aX  can 
be obtained by following calculations. 
dtUV
suT
a   0  
   suTsusususua tTtTtTtTt
C
0
647382910 421201357014
2
 , 
…………………..………….…… (2.11) 
   
suT
a dtdtUX
0
 
        suTssussussussus TTTTTTTTT
C
0
7483921011 661651657714
22
  , 
…………………..………….…… (2.12) 
The real value of velocity and position of interpolation at )1( kX ref  are 
VTkUkVkV surefrefreal  )()()1( , ………………………. (2.13) 
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 XTkUTkVkXkX surefsurefrefreal 
2)(
2
1
)()()1( . ……………. (2.14) 
(3) Calibration of velocity error. 
After acceleration interpolation, velocity error will be calibrated. According policy 4, the integral of 
the basic function is applied to calibrate the velocity error. Velocity error between )1( kVref  and 
)1( kVreal  is given by 
)1()1(  kVkVV realrefREF . …………………………. (2.15) 
Then, with integral of the basic function, velocity error is corrected by 
dtfCV
suT
vREF  0630  
   suTsusususuv tTtTtTtTtC 054637289 12642054031570  , 
…………………………………. (2.16) 
where 
9
)1()1(
su
realref
v
T
kVkV
C

 . 
The generated acceleration and position are given by 
REFv V
dt
d
a    suTsuv TttC 044 )(630  , …….…………..…. (2.17) 
dtVX
suT
REFv  0  
   suTsusususuv tTtTtTtTt
C
0
647382910 421201357014
2
 . 
………………..……………………..…. (2.18) 
In Eq. 2.17, notice that the value of va  is zero when t  is equal to 0  and suT . This demonstrates 
that the calibration of the velocity error with function B do not cause any value error to acceleration 
interpolation. 
(4) Calibration of position error. 
 After the calibration of velocity error, position error is corrected by using function B. After the second 
and third step, position error is obtained as 
vrealrefREF XkXkXX  )1()1( . ……………..………... (2.19) 
Also with the integral of the basic function, position error is corrected by 
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dtfCX
suT
xREF  0630  
  suTsusususux tTtTtTtTtC 054637289 12642054031570  , 
……………………………...…………. (2.20) 
The generated acceleration and velocity are given by 
  suTsusuxREFx TttTttCX
dt
d
a
0
3443
2
2
)(4)(4630  , ………..……. (2.21) 
  suTsuxREFx TttCX
dt
d
V
0
44 )(630  . ………….………..…. (2.22) 
In Eq. 2.21 and Eq. 2.22, the value of the generated acceleration xa  and velocity xV  is zero when 
t  is equal to 0  and suT . This also demonstrates that the generated acceleration and position do not 
cause any value errors to acceleration interpolation and velocity error calibration. 
(5) Derivation of final acceleration, velocity and position. 
 At last, final acceleration, velocity and position of interpolation are obtained as 
xvREFT aaaa  , …………………………………. (2.23) 
 xREFaT VVVV  , …………………………….……. (2.24) 
REFvaT XXXX  , ………………………….……. (2.25) 
where Ta , TV  and TX  are the final acceleration, velocity and position of interpolation. 
 Up to here, three policies and an algorithm of the new interpolation methodology have been presented. 
However, the new interpolation methodology for position command is imperfect for practical 
applications because of two problems.  
One is an interpolation problem of initial three digital data points. Initially, digital data point )2(refX  
must be provided by the high-order controller, then, servo controller can start the interpolation of the 
first two digital data points )0(refX  and )1(refX . During the time interval of waiting for )2(refX , 
control process during time interval from 0  to suT  is unable to proceed in servo controller. As a 
result, industrial robot manipulators perform no motion during time interval of  suT20 . Because 
of this result, control systems of industrial robot manipulators judge that there is a mechanical failure 
and the whole system of industrial robot manipulators may be urgently shut down. Considering that 
time delay arises from the interpolation of initial three digital data points may lead to mechanical 
failure, to avoid this misrecognition, some kind of countermeasure is necessary.  
In the new interpolation methodology, initial digital data points are processed to cope with the time 
delay problem. The process includes two steps and with Fig. 2.5, two steps will be illustrated. 
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(a) Original position command 
 
 
(b) Assumption of position command (2)Xre f  
 
 
(c) Generation of new position command (1)Xre f  
Fig. 2.5 Initial processes 
 
The first step is to assume a )2(refX , which is shown in Fig. 2.5 (b). Without waiting for output of 
the actual )2(refX , a virtual )2(refX  shown by )2(asprefX   is assumed, which is in fact )1(refX . 
The second step is to generate a new )1(refX , which is shown in Fig. 2.5 (c). The new )1(refX   is 
shown by )1(newrefX  . In the first step, )1(refX  is assumed to be the virtual )2(refX . A new )1(refX  
needs to be generated for interpolation. To obtain a smooth interpolation between )0(refX  and 
)2(asprefX  , which is in fact the interpolation between )0(refX  and )1(refX , the new )1(refX  is 
generated by 
4
)2()0(
)0()1(
asprefref
refnewref
XX
XX



 . …………….….…. (2.26) 
With above process, initial time delay problem can be resolved. With the interpolation between 
)0(refX  and )1(newrefX  , control process between 0 and suT  can start instantly when )1(refX  is 
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provided. Ultimately, the misrecognition problem can be avoided. 
After interpolation of )0(refX  and )1(newrefX  , the real position command )2(refX  is output. 
With the new generated )1(newrefX  , the interpolation between )1(newrefX   and )2(asprefX   
continues and finally, the interpolation between )0(refX  and )1(refX  is completed. 
The other problem is an interpolation problem of the last two digital data points of position command. 
In Fig. 2.6, it is assumed that )(NX ref  is the last digital data point. Due to the absence of the next 
digital data point of position command, the interpolation between )1( NX ref  and )(NX ref  is 
unable to be completed. To complete the interpolation of )1( NX ref  and )(NX ref , the presence of 
one more digital data point is assumed. With the assumed digital data point )1( NX ref , three digital 
data points of position command that are necessary for interpolation between )1( NX ref  and 
)(NX ref  are collected.  
In Fig. 2.6 (b), )1( NX ref  is specified as follows 
)()1( NXNX refref  . …………….…….….….……. (2.27) 
As a matter of fact, )1( NX ref  is specified as the same with )(NX ref . It is reasonable because 
industrial robot manipulators perform no motion after the execution of the last digital data point of 
position command. In other words, industrial robot manipulators terminate all operations and 
permanently stop at the goal position. So, if the next of the last digital data point exists, it shall be 
assumed to be the same with the last digital data point of position command. 
 
 
(a) The last two position commands 
 
 
(b) Assumption of position command 1)(NXre f   
Fig. 2.6 Last processes 
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With initial and last processes of position command, the entire presentation of the new interpolation 
methodology is given. To verify the effectiveness of the new interpolation methodology, several 
simulations are conducted with results reported in section 2.4. 
 
2.4 Simulation verifications 
In subsection 2.4.1, some simulation results will be offered to evaluate the effectiveness of the new 
interpolation methodology with sampling time reported in Table. 2.1. In subsection 2.4.2, an 
interpolation application for perfect tracking control is given and with the simulation result, 
advantages of the new interpolation for improvement of control performance will be presented.  
 
Table. 2.1 Sampling time 
Parameters Value Unit 
suT  2  sec][m  
sT  125  sec][  
 
2.4.1 Position command interpolation 
 Without loss of generality, two types of position command are taken as original position command, 
which will be interpolated by using the new interpolation methodology. The two types of position 
command are ramp and parabola, which respectively represents typical uniform motion and uniformly-
accelerated motion. In addition, a random position command is also employed to represent random 
motion. Results of simulations are given in Fig. 2.7, where the results of Spline interpolation are also 
offered to compare with the results of the new interpolation methodology.  
 Intuitively, the common thing in the simulation results is that interpolated command obtained by both 
the new interpolation methodology and Spline interpolation accurately pass through original digital 
data points. It at least indicates that the new interpolation methodology is not worse than Spline 
interpolation in interpolation accuracy. However, the interpolated command obtained by the new 
interpolation methodology differs from Spline interpolation in ramp position command. For instance, 
in the result of ramp position command, the difference is the interpolation between the initial and the 
last two digital data points. In the case of Spline interpolation, the most suitable interpolation curve 
that is ramp is finally found only when servo controller obtains the last digital data point of position 
command. In contrast, in the case of the new interpolation methodology, interpolation proceeds 
successively. The interpolation curve between the first two digital data points is instantly obtained 
when the second digital data point is output from the high-order controller. The interpolation curve is 
not a ramp due to the initial process. The interpolation curve between the last two digital data points 
is also not a ramp due to the last process. The new interpolation methodology works as the same with 
Spline interpolation in addition to the interpolation between the first and the last two digital data points 
because the interpolation curve is a ramp between the second and the sixth digital data point. 
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(a) Ramp position command 
 
(b) Parabola position command 
 
(c) Random position command 
Fig. 2.7 Simulation verification for interpolation  
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 Simulation results shown in Fig. 2.8 are employed to confirm the overshoot problem of both Spline 
interpolation and the new interpolation methodology. In contrast, the improved interpolation results 
obtained by using the new interpolation methodology are shown in Fig. 2.9. 
In Fig. 2.8 (a), rest time is assumed in ramp position command, which is time between 0 and 0.002 
second and time between 0.01 and 0.012 second. In practical situations, the rest time means that an 
industrial robot manipulator holds original point before operations or keeps stationary condition after 
operations. As the same with Fig. 2.8 (a), an interpolation example of the typical step command with 
rest time is given in Fig. 2.8 (b). In the simulation results, a conspicuous overshoot problem exists in 
both the new interpolation methodology and Spline interpolation although the amplitude of overshoot 
is smaller in the simulation result of using the new interpolation methodology. 
 
 
(a) Ramp position command with rest time 
  
(b) Step command 
Fig. 2.8 Simulation verification for overshoot problem 
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(a) Ramp command with rest time 
 
(b) Step command 
Fig. 2.9 Simulation verifications for improvement of interpolation  
 
As it is stated in section 2.1, overshoot is absolutely not allowed behavior for interpolation of position 
command. To resolve the overshoot problem, some improvements have been made in the new 
interpolation methodology. For the position command points that are in rest time, values of velocity 
and acceleration command are specified to be zero, 
00   goalrefref VV  …………………………..……. (2.28) 
00   goalrefref UU  ……………………...…..……. (2.29) 
where 0refV , goalrefV  , 0refU  and goalrefU   are velocity and acceleration command of the digital 
data points that are positioned in rest time. The specifications are based on consideration that industrial 
robot manipulators perform no motion during the rest time and therefore, velocity and acceleration are 
zero. Naturally, a premise of the above specifications is that types of position command are known in 
advance. In comparison with Fig. 2.8, overshoot phenomenon disappears in the simulation results of 
using the improved new interpolation methodology. 
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2.4.2 An application for control 
In this section, an application of the interpolated command is presented. The interpolated command 
is used in a perfect tracking control. For simplicity, a second order system is assumed to be the control 
object, which is given by 
2
1
)(
)(
MssF
sX
 , ………………...………....…….…. (2.30) 
where )(sX  represents a displacement output and )(sF  represents a force input, M  is the mass 
of the system. Supposing that the feedback controller already exists, the closed-loop transfer function 
is expressed as 
12
2
1
)(
)(
KsKs
K
sX
sX
ref 
 , ……………………........……. (2.31) 
where )(sX ref  represents the position command, 1K  and 2K  are feedback gains. 
 To realize the perfect tracking control, a feed-forward controller is designed as 
)(1
1
)(
1
22
1
sXs
K
K
s
K
sF refFF 







 , ……………………...…. (2.32) 
where )(sFFF  represents a feed-forward output. )(sFFF  is expressed in the form of discrete time, 
then, 
)()()(
1
)(
1
2
1
kXkX
K
K
kX
K
kF refrefrefFF 
 . ………………..……. (2.33) 
Notice that a differential and a second-order differential of the position command are necessary for 
completing perfect tracking control of the second order system. The differential and second-order 
differential of position command can be directly obtained from the interpolated position command 
because the velocity (differential) and acceleration command (second-order differential) have been 
specified in the process of interpolation. Hence, one of the merits of the new interpolation 
methodology is the convenience of implementing the perfect tracking control for the second-order 
system. 
An improvement of control performance by using the perfect tracking control is explicit and the 
improvement will be not presented in this paper. In addition to the merit of convenience, the new 
interpolation methodology can be also compared with Spline interpolation in the improvement of 
control performance. The new interpolation methodology and Spline interpolation are respectively 
applied to a simulation of perfect tracking control. The simulation results are shown in Fig. 2.10 and 
Fig. 2.14. The initial, transient and steady state is respectively shown in Fig. 2.11, Fig. 2.12 and Fig. 
2.13; Fig. 2.15, Fig. 2.16 and Fig. 2.17. Comparing Fig. 2.11 with Fig. 2.15, notice that vibration 
occurs in the initial state of position response of using Spline interpolation. In contrast, a smooth 
position response is obtained in the case of the new interpolation methodology. In Fig. 2.12 and Fig. 
2.16, differences of both are not obvious and nearly the same tracking performances can be seen. 
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Referring to Fig. 2.13 and Fig. 2.17, in steady state, the common problem in both is the overshoot 
problem, which is also a general problem of applications of the perfect tracking control. In the case of 
Spline interpolation, bigger amplitude of overshoot occurs in position response. The only reason of 
this is considered to be that the overshoot in Spline interpolation itself is causes bigger amplitude of 
overshoot of position response. Therefore, it can be said that the new interpolation methodology is 
more suitable than Spline interpolation for positioning control of industrial robot manipulators. 
 
 
Fig. 2.10 Control results of using the new interpolation methodology 
 
Fig. 2.11 Enlarged view between 0.016 and 0.024 second 
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Fig. 2.12 Enlarged view between 0.049 and 0.055 second 
 
Fig. 2.13 Enlarged view between 0.079 and 0.01 second 
 
Fig. 2.14 Control results of using Spline interpolation 
Chapter 2 A new interpolation methodology for position command 
 
- 19 - 
 
 
Fig. 2.15 Enlarged view between 0.016 and 0.024 second 
 
Fig. 2.16 Enlarged view between 0.049 and 0.055 second 
 
Fig. 2.17 Enlarged view between 0.079 and 0.01 second 
 
2.5 Conclusions 
 A new interpolation methodology for high-speed and high accuracy control of industrial robot 
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manipulators has been proposed in this chapter. Several results achieved by using the proposed 
methodology are  
(1) Successive interpolation manner has been achieved by using the new interpolation 
methodology. Due to this, time delay problem caused by position command interpolation in the case 
of Spline interpolation has been resolved and the proposed interpolation methodology has made great 
improvement of efficiency of a whole control process.  
(2) The critical overshoot problem of by using Spline interpolation has been also resolved by 
the proposed interpolation methodology.  
(3) In comparison with Spline interpolation, the algorithm of the proposed interpolation 
methodology is much simpler and less computation is also a very good merit for practical application, 
especially for general-purposed servo control systems. 
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Chapter 3 
 
Decoupling control by using Model Following Control 
 
3.1 About decoupling control 
In order to make an industrial manipulator track a specified trajectory at a high speed and with higher 
accuracy, various studies have been made. Decoupling control theory has been established in 1980s 
which has been considered to be one of effective ways to realize high-speed and high-accuracy control 
of industrial robot manipulators. 
In most cases, some theoretical decoupling controls have been planned and developed for the typical 
direct drive (DD) robot shown in Fig.3.1. Fround [17], Iwakane and Inoue [18] proposed a decoupling 
control method that compensates for the coupling forces between two links of a 2-link manipulator 
according to the dynamic equations. Decoupling control considered in robust control area [19] with 
disturbance observers has been also reported in [20] - [22]. Moreover, Ito and Shiraishi [23] used a 
feed-forward (abbreviated as FF) control loop combined with a disturbance observer to accomplish 
simple robust decoupling control for articulated robots. In these literature, decoupling control strategy 
are based on a model of rigid system because the control objects are DD robots. For the industrial 
robot manipulators equipped with flexible joints (usually are gear transmissions), they have not offered 
a discussion. Nakashima et al. [24] considered that the elasticity of the flexible joints is non-negligible, 
and firstly presented that the coupling forces do not directly act on actuators due to the elasticity and 
offered a decoupling control strategy in which each link of the industrial robot manipulator is modeled 
by a 2-inetia system. 
 
 
Fig. 3.1 Direct drive robot manipulator 
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In all above presented decoupling control literature, the basic control manner is feedback control and 
decoupling control strategies are conducted in basic feedback control (abbreviated as FB). However, 
with the growing stringent requirements of high performance for industrial robot manipulators, a sort 
of advanced control manner that is Model Following Control (MFC) has been gradually adopt. For 
MFC, its purpose is to force the dynamic response of a plant to follow the response of a reference 
model by a correction mechanism within itself. The MFC technique has been widely described in the 
literature [25]-[27]. Under condition of knowing the exact dynamics of industrial robot manipulators, 
decoupling control strategy that is based on MFC has achieved very good result [28]. However, the 
decoupling strategy in [28] is complex and difficult to be implemented in practical application. In this 
paper, an industrial robot manipulator with flexible joints is taken as decoupling control object and a 
new decoupling control strategy is proposed, which is based on MFC. 
In addition, in comparison with conventional decoupling strategies, some favorable aspects of the 
decoupling control by using the Model following control can be enumerated as follows. 
(1) The torque used to compensate for the coupling force that is called compensation torque can 
be designed independently. In coupling robot manipulator system, the coupling effect has a great 
influence on position accuracy of motors. In essence, some interference components caused by the 
coupling effect are forcibly added to position of motors. In [24] and [28], position of motors are used 
to construct a semi-closed control loop, as a result, the semi-closed control loop includes some 
interference components. Therefore, an additional compensation torque has to be designed to eliminate 
the interference components included in the semi-closed control loop. Ultimately, the design of the 
compensation torque for the coupling robot manipulator system becomes complex and relies on the 
design of the semi-closed loop. However, in the MFC, the compensation torque can be designed in 
feed-forward controller and without using position of motors. Design of compensation torque is 
independent. Moreover, computational capacity of controller system must be taken into account when 
a decoupling control is put into practice [29]. In comparison with conventional decoupling control 
strategies, the decoupling control strategy by using MFC is easier for practical application. 
(2) The decoupling control by using MFC is more suitable for general purpose industrial robot 
manipulators. The already known information of other links is essential for the actual implementation 
of decoupling control. However, the necessary information of a link is unknown by the other because 
the general-purpose servo system of each link usually does not have bidirectional communication 
function. For the decoupling control based on FB control, it is a very serious drawback. In contrast, 
there is no need to take the bidirectional communication issue into account in the case of the MFC 
because in feed-forward loop of MFC, information of each link is already known. 
However, potential subject arises from the decoupling control by using MFC, such as modeling error 
problem. If the dynamical model of an industrial robot manipulator is not exact, it would not be able 
to accomplish the complete decoupling of two links because the designed compensation torques are 
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designed based on the dynamical model. In other words, the industrial robot manipulator is still a 
coupling system. For the new subject, observers are employed in FB controllers, to resolve the 
modeling error issue. With the estimations of observers, compensation torques called disturbance 
compensation torque are designed. With FB compensations, the robustness of a whole of decoupling 
control are able to be guaranteed.  
General industrial robot manipulators have six or seven links. In this paper, a 2-link manipulator is 
taken as a decoupling control target because the coupling effect occurs mostly in the case that when 
two links of the manipulator rotate in the same plane. Among many types of industrial robot 
manipulators, the coupling effect is especially severe in the type of point to point positioning robots. 
One of typical examples of the accuracy deterioration due to the coupling phenomenon is in spot 
welding robots. High-speed positioning of the end effector of the spot welding robots must be realized 
in very small operating range (most of cases 30mm~50mm), referring to Fig. 3.2. The coupling force 
between two links adversely affects positioning operation and due to this the welding robots are not 
able to accomplish a successful straight line welding motion [24], referring to Fig. 3.3. So, in this 
paper, the decoupling objects are assumed to be a 2-link manipulator of spot welding robots. 
 
           
Fig. 3.2 Straight line spot welding          Fig. 3.3 Trajectory of end effector 
 
The proposed decoupling control strategy is presented in detail from section 3.2 to section 3.5. The 
coupling model of the 2-link manipulator is shown in section 3.2. In section 3.3, fundamental design 
of torques and design details of compensation torques are presented. The disturbance compensation 
torques are derived with estimations in section 3.4. Several simulations conducted for verifications are 
given in section 3.5 
 
3.2 Coupling model of a 2-link manipulator 
The derivation of mathematical model is necessary for finding control strategies. In this section, the 
derivation of the mathematical coupling model of the 2-link manipulator will be prepared in advance 
for constructing decoupling control strategy. 
The dynamics of a 2-link manipulator is derived in subsection 3.2.1 by using Euler-Lagrange 
equation. In subsection 3.2.2, the dynamics of actuators is covered. With the dynamics shown in 
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subsection 3.2.1 and subsection 3.2.2, the mathematical coupling model of the 2-link manipulator is 
obtained and shown in subsection 3.2.3. 
 
3.2.1 Dynamics of a 2-link manipulator 
 For control design purposes, it is necessary to have a mathematical model that reveals the dynamical 
behavior of a system. Therefore, in this subsection, the dynamical equations of motion for the 2-link 
manipulator are derived according to Euler-Lagrange equation of motion.  
Before showing the derivation of the dynamics of the 2-link manipulator, the basic derivation of 
Euler-Lagrange equation will be reviewed for better understanding the later derived dynamics. 
 Consider a mass m  acted upon by force F . Then, the kinetic energy of the mass is 
  
2
2
1
xmK  . ........................................................... (3.1) 
The momentum of the mass is 
xmp  , ............................................................... (3.2) 
where x  is function of generalized coordinate 
  );,...,,( 21 tqqqxx n , ................................................... (3.3) 
and each axis is a function of time t  
 )(tqq ii  . ........................................................... (3.4) 
Relation between K  and p , p  and F  are 
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where ni ,...,2,1 . Hence, the differential of x  with respect to component iq  may be written as 
ii q
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. .............................................................. (3.8) 
The momentum of each axis ( iq ) of generalized coordinate is  
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Then, the differential of ip  is 
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Now, if the force F  acting on the mass is conservative, there is  
x
P
F


 , ........................................................... (3.11) 
where P  is the potential energy of the mass. Substituting Eq. 3.11 into Eq. 3.10, 
i
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q
PK
p
dt
d
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. .................................................... (3.12) 
Now, if the Lagrangian is described as 
)(),,(),,( iiiii qPtqqKtqqL   , .......................................... (3.13) 
Notice that 0


iq
P

. With Eq. 3.13, Eq. 3.9 can be rewritten as 
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Thus, the Lagrange equation can be derived as 
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The derived Lagrange equation will be used for deriving the dynamics of the 2-link manipulator. 
 
 
Fig. 3.4 The 2-link manipulator in X-Y coordinate 
 
Table. 3.1 Parameters used for dynamics derivation 
Parameters Unit Parameters Unit 
UL ll ,  length of each link ][m  UL mm ,  mass of each link ][kg  
gUgL ll ,  length from joint to gravity 
center 
][m  
aUaL  ,  rotation position of each 
link 
][rad  
 
Suppose that a 2-link manipulator is positioned in a planar X-Y coordinate, referring to Fig. 3.4. The 
lower and upper link of the manipulator is denoted by L and U. Parameters used for dynamics 
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derivation are shown in Table. 3.1. 
For link L, the kinetic and potential energies are 
2
2
1
aLgLLaL lmK 
 , ....................................................... (3.16) 
gLgLLaL glmP sin . .................................................... (3.17) 
For link U, there are 
]cos)(2)([
2
1 2222
aUaUaLaLgULaUaLgUaLLUaU llllmK 
  , …… (3.18) 
)]sin(sin[ aUaLgUgLLUaU llgmP   . .................................. (3.19) 
 The Lagrangian for the entire arm is 
aUaLaUaL PPKKL  . .............................................. (3.20) 
According to Euler-Lagrange equation, the arm dynamics are given by the two coupled nonlinear 
differential equations 
LaUaLLUaULUaULUaLLLaL GhhMM  
 22 , …................ (3.21) 
UaLULaUUUaLULaU GhMM 
2
  , ………………......... (3.22) 
where aL  and aU  are torques supplied by actuators, terms with respect to LUh  and ULh  are 
Coriolis and centripetal, LG  and UG  are gravities. In the case of spot welding robots, due to the 
small distance of two welding spots, the rotation position of each link also changes in a very small 
range. In other words, aL  and aU  are values nearby zeros. Therefore, according to equations of 
LG  and UG  shown in Eq. 3.23, aLcos  and )cos( aUaL    are approximately equal to one. This 
means gravity of each link is nearly a constant value. 
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where LI  and UI  are moment of inertia around gravity center. Writing the arm dynamics in vector 
form yields 
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Inverting Eq. 3.24, 
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Notice that the acceleration of each link is not determined only by the torque supplied by self-actuator 
and is related to the other. 
 
3.2.2 Modeling for links of a 2-link manipulator 
 Usually, mechanical structures of the link of industrial manipulators consist of three parts; servomotor, 
gear transmission and rigid load. Generally, three parts are named actuator, joint and arm. After the 
discussion of the dynamics of the 2-link manipulator, the dynamics of actuator with joint flexibility 
need to be derived to obtain a complete dynamical description of the 2-link manipulator. Regarding 
the gear transmissions as spring systems and converting the inertia of joints into inertia of motors, 
links of industrial manipulators are modeled as 2-inertia systems. With this understanding, a model of 
the link without the form of disturbances is shown in Fig. 3.5. The corresponding parameters are 
reported in Table. 3.2. 
 
 
Fig. 3.5 The model of the link (2-inertia system) 
 
Table. 3.2 Parameters used for modelling of the link 
Parameters Unit Parameters Unit 
mJ  motor inertia ][
2kgm  m  rotation position of motor ][rad  
aJ  rigid load inertia ][
2kgm  a  rotation position of rigid load ][rad  
N  reduction ratio ][  s  twist rotation position ][rad  
cK  spring constant ]/[ radNm  refT  torque reference ][Nm  
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From the model of the 2-inertial system, mechanical equations of motion can be obtained as 
ref
m
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m
c
m T
JNJ
K 1
  , ................................................ (3.27) 
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where  
.
1
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N
   ......................................................... (3.29) 
Up to here, dynamics of motor and rigid load are given in Eq. 3.27 and Eq. 3.28. With the dynamics, 
a state equation of the coupling model is derived in subsection 3.2.3. 
 
3.2.3 A coupling model 
 Incorporating two dynamics presented in Eq. 3.27 and Eq. 3.28, the dynamics of the 2-link 
manipulator is ultimately obtained and expressed as a linear state-equation 
refBTAθθ 
 , ........................................................ (3.30) 
where θ  is state vector, A  is system matrix, B  is input matrix and refT  is torque input vector, 
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 Indeed, the nonlinearities of the items of Coriolis, centripetal and gravities are supposed to exist in 
Eq. 3.30. These nonlinearities are also supposed to be linearized for constructing a linear control 
strategy [30]. However, the terms related to the Coriolis and centripetal are neglected in Eq. 3.30 
because the Coriolis and centripetal are extremely small in comparison with the coupling force in the 
case of the spot welding [24]. In this paper, the Coriolis and centripetal are not taken into account in 
the design of decoupling control because the control object is a spot welding robot. In addition, 
gravities terms are also omitted in Eq. 3.30 because of a feed-forward compensation which is reported 
in section 3.3. Therefore, the dynamics of the 2-link manipulator is given by linear Eq. 3.30. 
 
 
Fig. 3.6 Block diagram of the coupling model of the 2-link manipulator 
 
The coupling effect between two links is reflected in Eq. 3.30. The joint angular acceleration includes 
interference terms of the other because of the existence of 45a , 47a , 81a and 83a  of system matrix 
A . The goal of the decoupling control for the 2-link manipulator is to eliminate the elements 45a , 
47a , 81a  and 83a . Based on Eq. 3.30, the block diagram of the coupling model of the 2-link 
manipulator is given in Fig. 3.6. The coupling effect in an industrial manipulator with flexible joints 
is different from the DD robot. Two actuators interact through the coupling effect in the case of DD 
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robots. However, the coupling force are directly applied to rigid loads and inversely act on actuators. 
Especially, conventional decoupling control strategies that are planned for DD robots are inapplicable 
to the new decoupling model. Unlike the decoupling control strategy for DD robots, supplies of inverse 
coupling forces to actuators will no longer work and not completely neglect the coupling effect in the 
case of the industrial manipulators with flexible joints. So, a derivation of proper supplies of torques 
for the coupling effect becomes difficult and the corresponding details will be presented in next section. 
 
3.3 Design of feed-forward inputs 
Generally it is known that tracking capabilities of feedback control are unavoidably degraded when 
joint control servos are required to track reference trajectories with higher speed and acceleration. An 
adoption of feed-forward compensation allows reducing the tracking error. This is just right one of 
reasons why the proposed decoupling control strategy adopted the MFC. In subsection 3.3.1, a basic 
design of the decoupling control is given. A mathematical derivation of the compensation torques are 
based on the basic design and presented in subsection 3.3.2. 
 
3.3.1 Basic design of torques 
 In this paper, the ultimate torque reference supplied to each link is the incorporation of FF and FB 
torque input which are defined by 
refLFBrefLFFrefL TTT  , .................................................. (3.31) 
refUFBrefUFFrefU TTT  , ................................................. (3.32) 
where refLFFT  and refUFFT  are feed-forward torque inputs, refLFBT  and refUFBT  are feedback 
torque inputs. refLFFT  and refUFFT  are employed to accomplish two tasks. One is suppression of 
oscillation of the link due to the low stiffness of the flexible joints. The other is achievement of 
decoupling of two links of the manipulator. Therefore, 
refLCFFrefLLFFrefLFF TTT  , ............................................. (3.33) 
refUCFFrefUUFFrefUFF TTT  , ........................................... (3.34) 
where refLLFFT  and refUUFFT  are torques designed for suppressing the oscillation of the 
independent link, refLCFFT  and refUCFFT  are compensation torques. Here, with regard to the 
compensations for gravities, it needs to be pointed out emphatically that the compensations for 
gravities have been taken into account during the design of the compensation torques. In other words, 
the mathematically derived compensation torques include the compensation components of gravities. 
Control strategies for suppressing oscillations of links are different due to different practical 
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equipment conditions. Sensors that are employed to observe the spatial position of the end effector, or 
built in links of manipulators to observe rotation acceleration of arm directly influence control 
strategies. But in usual cases, industrial manipulators are equipped only with sensors that are used to 
observe rotation position of actuators, not only because cost issues of manufacture of themselves, but 
also with consideration of that the surrounding environments of industrial manipulators are extremely 
bad for using sensitive sensors. Without loss of generality, the 2-link manipulator is also assumed to 
be a manipulator that are not equipped with other sensors in addition to sensors of actuators. 
 In order to suppress oscillations, torques are generally designed according to the input/output transfer 
function of an independent link which is given by 
ref
mm
a
a T
NJss
1
)( 22 



 , ............................................. (3.35) 
where 
a
c
a
J
K
 , ............................................................ (3.36) 
a
c
m
c
m
J
K
NJ
K

2
 . .................................................... (3.37) 
The only observed rotation positions of motors are employed for construction of oscillation 
suppression in traditional decoupling control [24] and [28]. Due to this, the entire decoupling control 
systems, as described in introduction, become very complicated. In contrast, the rotation positions of 
rigid loads are completely available from the mathematical model of the 2-link manipulator in the case 
of MFC. Therefore, the torques refLLFFT  and refUUFFT  are designed as follows, which are 
constructed by state variables that are only related to rigid loads.  
}
])([{
32 aLFFLFFaaLFFLFFa
aLFFaLFFarefLPLFFVLFFLTnLnrefLLFF
KK
KKJNT






,
 
……..……….. (3.38) 
}
])([{
32 aUFFUFFaaUFFUFFa
aUFFaUFFarefUPUFFVUFFUTnUnrefUUFF
KK
KKJNT






,
 
………….… (3.39) 
where arefL  and arefU  are position references, aLFF  and aUFF  denote rotation positions of 
rigid loads of the mathematical model, LTnJ  and UTnJ  are nominal values of total inertia of motors 
and rigid loads, VLFFK , PLFFK , LFFaK 2 , LFFaK 3  and VUFFK , PUFFK , UFFaK 2 , UFFaK 3  are 
control gains of feed-forward loop. Suffix n  denotes nominal value. 
With the designed refLLFFT  and refUUFFT , only the compensation torques that are designed for the 
coupling effect are enough to accomplish the decoupling of two links of the mathematical coupling 
model. In other words, there is no need to design additional compensations for controllers like what 
have been done in [24] and [28]. However, special attentions must be paid to components of aiFF
  
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and aiFF
  because aiFF
  and aiFF
  are not like aLFF , aLFF
  and aUFF , aUFF
  that can 
be directly obtained from the mathematical coupling model. aLFF
 , aLFF
  and aUFF
 , aUFF
  
need to be derived from the mathematical coupling model and the derivations are given as follows, 
where suffix i  denotes L or U. 
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where LFFG  and UFFG  denote gravities of the numerical model. Make substitutions as follows: 
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aLFF
  and aUFF
  are rewritten down as 
gLFFsUFFLUnsLFFLLnaLFF a 
 ,
 
…………..….……… (3.42) 
.gUFFsLFFULnsUFFUUnaUFF a 

 
………………….… (3.43) 
Then, 
gLFFsUFFLUnsLFFLLnaLFF a
   , ……….….…..…… (3.44) 
gUFFsLFFULnsUFFUUnaUFF a
   , ……….……...…… (3.45) 
where the backward difference approximations of sLFF  and sUFF  are used instead of sLFF
  and 
sUFF
 . For the differential of gravity terms gLFFa  and gUFFa , they are approximately seen as zero 
terms because of the previous explanation that the gravity of each link LG  and UG  is nearly a 
constant value. 
With regard to the determination of gains, many general strategies have been proposed [31]-[34].  
The gains of feed-forward loop are determined by comparing with the transfer function of a fourth-
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order system. The feed-forward loop input/output transfer function is 
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The transfer function of a fourth-order system is 
432234
4
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 . …………………… (3.47) 
It can be recognized that, with a suitable choice of the gains, it is possible to obtain any value of natural 
frequency g . Hence, if g  is given as design requirements, the following relations can be found: 

















ainiTn
giiFFa
ainiTn
giiFFa
ainiTn
giViFF
giPiFF
J
J
K
J
J
K
J
J
K
K







min
3
min
min
2
2
min3
4
)6(
4
4
1
. …………..……..……… (3.48) 
where giFFgi f 2 , giFFf  is natural frequency that is used to determine suitable feed-forward loop 
gains. 
 
3.3.2 Design of compensation torques 
 After the design of refLLFFT  and refUUFFT , the mathematical derivation of compensation torques 
refLCFFT  and refUCFFT  shall be given in this subsection. At last the compensation torques are added 
to actuators to suppress the coupling effect between two links of the manipulator. More simply 
speaking, two connected links become two independent link after decoupling control. Thus, with 
consideration that each link is modeled as a 2-inetial system, a fourth-order differential equation is 
supposed to be like 
arefaaaaa aaaaa
dt
d
 001234
4
   ……………..…..… (3.49) 
where 0a , 1a , 2a  and 3a  are control gains. The differential equation has an obvious 
characteristic that the differential equation only includes self-state variables. Eq. 3.49 is taken as a 
standard differential equation and the actual differential equation shall be given to compare with the 
standard differential equation to reveal what kind of the coupling torque is applied to each link. Prior 
to the derivation of the compensation torques, some equations that are related to the derivation are 
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given as follows. 
 Accelerations of twist rotation positions sLFF
  and sUFF
  are derived according to Eq.3.29,  
aLFFmLFF
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N
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Accelerations of rotation positions of motors are 
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With Eq. 3.42, Eq. 3.43, Eq. 3.52 and Eq. 3.53, accelerations of twist rotation positions are 
recalculated and written as 
gLFFsUFFLUnrefLFF
LnmLn
sLFFLLnJLnsLFF aT
NJ
K  
1
)( ,
 
………… (3.54) 
gUFFsLFFULnrefUFF
UnmUn
sUFFUUnJUnsUFF aT
NJ
K  
1
)( ,
 
…...…… (3.55) 
where 
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The differential equation of the coupled links are 
gLFFsUFFLUnsLFFLLnaLFF a
dt
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By using the derived Eq. 3.54 and Eq. 3.55, the results of the recalculation of the differential 
equations are 
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Notice that, for instance, the differential equation of L Eq. 3.58 includes the interference components 
of U which are sUFFLUnJLnK   and sUFFLUn
 , and the gravities terms. The situation of the 
differential equation of U Eq. 3.59 is the same with L. 
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 Recalling Eq. 3.33 and Eq. 3.34, the compensation torques designed for eliminating the interference 
components are given by 
gLFFsUFFnLCsUFFnLCrefLCFF aT  
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21 , …………..…...…... (3.60) 
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Eq. 3.54 and Eq. 3.55 are used again for the substitution of sLFF
  and sUFF
  that are included in 
Eq. 3.60 and Eq. 3.61. The compensation torques of the coupling force and gravities are ultimately 
obtained and given by 
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where LgT  and UgT  are the compensations for gravities, 
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3.4 Design of feedback inputs 
 For the Model Following Control manner, the biggest expectation is a large improvement of control 
performance. However, the expectation possibly will not come true if the precondition of 
implementation of the Model Following Control that is accurate modeling of control plant is not 
satisfied. A modelling error issue directly affects MFC strategy and probably leads to the deterioration 
of the control performance. Therefore, great importance must be attached to the modelling error issue. 
In the proposed decoupling strategy, after designing the compensation torques in feed-forward loop, 
the modelling errors are dealt with in feedback loop. 
 In this subsection, first of all, modelling errors are discussed to figure out that what kind of errors 
there are. In this paper, the modelling errors are thought as two types of errors. One is parameter error 
that is generated during the modelling of the 2-link manipulator. The other is disturbances caused by 
contact operations. The parameter error of a spring constant is mainly taken into account because in 
comparison with other parameters of the model of the 2-link manipulator, bigger errors are generated 
when the gear transmissions are approximately modeled as spring systems. In addition, spring 
constants are usually derived from the resonant frequencies that are obtained from experimental 
measurements of links of the 2-link manipulator. In the procedure of experimental measurements of 
resonant frequencies, some uncertainties such as robot stand vibrations [35] will affects the accuracy 
of the measurements. Therefore, spring constant error is determined as main parameter error in this 
paper. For the disturbances, the resistance forces such as friction are generated when the end-effectors 
of the spot welding robots contact to the welded materials. So, besides parameters errors, friction 
disturbances are assumed to be main disturbances of the other. 
 
 
Fig. 3.7 The 2-inertia system with disturbance of rigid load 
 
Since then, the adverse effects of the modelling errors will be discussed. The typical frictional forces 
caused by contact operations perform in the form of torques and the torques are directly applied to 
joints of the links. No doubt that the frictional forces ultimately lead to position errors. In addition, the 
presence of the spring constant errors mean that the designed compensation torques in feed-forward 
loop are not perfect and the actual coupling torques will not be compensated completely by the 
designed compensation torques. In other words, the presence of spring constant errors mean the 
presence of the coupling torques. 
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At last, the block diagram of a 2-inertia system with the torque disturbance is shown in Fig. 3.7. adT  
is a generated torque disturbance due to the modelling errors and it is called a rigid load disturbance 
in this paper. 
 
3.4.1 A Disturbance estimation 
For the rigid load disturbances of a 2-inertia systems, disturbances observers are used to obtain the 
estimations [36] and the estimations are used in feedback loop to compensate for the rigid load 
disturbances. A state disturbance observer is used to estimate the torque disturbance of each link as 
well and it is given by 
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where mˆ , m
ˆ , aˆ  and a
ˆ  are estimations of the states of m , m , a  and a . duˆ  is an 
acceleration estimation of the torque disturbance dTˆ , 1l , 2l , 3l , 4l  and 5l  are observer gains 
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The determination strategy of the observer gains is the same with the determination of the control 
gains of feed-forward loop. The observer gains are determined by comparing the transfer function 
)()( susu refd  with a standard transfer function of fifth order system. Then, the observer gains can be 
determined as follows.  
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where gOBf 2 , gOBf  is a natural frequency that is used to determine suitable observer gains. 
Here, special attention shall be paid to the estimation of the torque disturbance dTˆ . dTˆ  is the total 
estimation of all the torque disturbances which are applied to joints of the links. It does not only 
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includes the rigid load disturbances and also includes the coupling torque components and gravities 
which have been compensated by the feed-forward compensation torques. The compensated coupling 
torque components and gravities must be deducted from dTˆ . Therefore, the estimations of the rigid 
load disturbances of the links are obtained by 
lpfcouLFFdLadL TTT _
ˆˆ  , ..………………..…..……… (3.68) 
lpfcouUFFdUadU TTT _
ˆˆ  , ..………………..….……… (3.69) 
where 
)( gLFFsUFFLUnaLncouLFF aJT   , ..…………....…..……… (3.70) 
)( gUFFsLFFULnaUncouUFF aJT   , ..…………..…………… (3.71) 
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couLFFT  and couUFFT  are coupling torques of the numerical model of feed-forward loop, Llpf  and 
Ulpf  are time constants of low pass filters. In order to produce phase lags and to adjust to the phase 
lags of the disturbance observers, couLFFT  and couUFFT  are filtered. Therefore, time constants of low 
pass filters are determined by the natural frequencies which are the same with the natural frequencies 
of observer gains. 
With estimations of rigid load disturbances, the modelling errors will be compensated for in feedback 
loops. Basic designs of feedback loops are given by 
refLDCrefLLFBrefLFB TTT  , ……………………………. (3.74) 
refUDCrefUUFBrefUFB TTT  . ..……………..…………… (3.75) 
where refLLFBT  and refUUFBT  are basic feedback loop of the Model Following Control, 
)]()([ mLmLFFmLmLFFPLFBVLFBLTnrefLLFB KKJT 
  , ……………. (3.76) 
)]()([ mUmUFFmUmUFFPUFBVUFBUTnrefUUFB KKJT 
  , ..………… (3.77) 
PLFBK , VLFBK , PUFBK  and VUFBK  are feedback gains and designed as 
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gLFBf  and gUFBf  are natural frequencies that are used to determine suitable feedback gains. refLDCT  
and refUDCT  are torques designed to compensate for the rigid load disturbances and called disturbance 
compensation torque. The details of designs of the disturbance compensation torques are presented in 
subsection 3.4.2. 
 
3.4.2 Compensation designs for disturbances 
 The most direct impact of the rigid load disturbances is to generate position errors to rotation 
positions of rigid loads. To avoid this adverse impact, the designs of the disturbance compensation 
torques are carried out in two steps. The first step is to make a direct compensation for the rigid load 
disturbances. A differential equation of the rotation position of an independent link is given by 
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In the differential equation, the third and fourth terms of right side of equal sign are rigid load 
disturbance components. Recalling Eq. 3.74 and Eq. 3.75, the first of disturbance compensation torque 
of each link is obtained as 
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For the terms of adLT
ˆ
 and adUT
ˆ
, they are regarded as zero terms with assumption that the rigid load 
disturbances do not change suddenly. 
 The compensation designs in the first step are not enough. As a matter of fact, rotation positions and 
velocities of motors are also affected by the rigid load disturbances. Due to this, refLLFBT  and 
refUUFBT  also include the rigid load disturbance components. The second step is to compensate for the 
disturbance components that are included in the basic feedback loop. 
Rotation acceleration of the rigid load is given by 
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Then, rotation position and velocity of motor are derived as 
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Substituting Eq. 3.84 and Eq. 3.85 into Eq. 3.76 and Eq.3.77, 

,
11







adL
cLn
Ln
VLFBadL
cLn
Ln
PLFBVLFB
aL
aLn
VLFBaL
aLn
PLFBVLFBaLLnVLFBaLLnPLFBVLFB
aLFFLnVLFBaLFFLnPLFBVLFBLTnrefLLFB
T
K
N
KT
K
N
KK
KKKNKNKK
NKNKKJT









 
..…………….………… (3.86) 

.
11







adU
cUn
Un
VUFBadU
cUn
Un
PUFBVUFB
aU
aUn
VUFBaU
aUn
PUFBVUFBaUUnVUFBaUUnPUFBVUFB
aUFFUnVUFBaUFFUnPUFBVUFBUTnrefUUFB
T
K
N
KT
K
N
KK
KKKNKNKK
NKNKKJT









 
..…………….………… (3.87) 
Notice that the basic feedback loop includes the rigid load disturbance components. The second of 
disturbance compensation torque for each link is employed to eliminate the rigid load disturbance 
components and derived as 
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Finally, the disturbance compensation torques are obtained as follows 
21 refLDCrefLDCrefLDC TTT  , ..…………………………… (3.90) 
21 refUDCrefUDCrefUDC TTT  . ..…………………...……… (3.91) 
 
3.5 Simulation verifications 
In this section, several simulations are conducted to verify the effectiveness of the proposed 
decoupling control strategy with parameters reported in Table 3.3. The corresponding control gains 
are shown in Table. 3.4. The resonant frequencies of link L and link U are 10 [Hz] and 19 [Hz].  
The first simulation is conducted to verify the effectiveness of the proposed decoupling control 
strategy in the case of no parameter errors. It would be more accurate to say to demonstrate the validity 
of the designed compensation torques of feed-forward loop. The simulation results are shown in Fig. 
3.8 and Fig. 3.9. Notice that in the case of no compensations for the coupling force (before decoupling 
control), the resonance suppression of each link is obvious, however, link L and link U of the 2-link 
manipulator still vibrated around the goal position with large amplitude. Definitely, it is not the 
generation due to the resonance. In comparison with the position responses of before decoupling 
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control, link L and link U perform independently when the designed compensation torques are 
supplied to link L and link U. Hence, it can be said the proposed design strategy of the compensation 
scheme is valid. 
 
Table. 3.3 Parameters of simulations 
Parameter Value Unit Parameter Value Unit 
Lm  34.2  ][kg  Um  
00.3  ][kg  
Ll  25.0  ][m  Ul  53.0  ][m  
gLl  19.0  ][m  gUl  30.0  ][m  
mLJ  
51009.2   ][
2kgm  mUJ  
51095.1   ][
2kgm  
aLJ  
21093.6   ][
2kgm  aUJ  31050.8   ][
2kgm  
cLK  60.213  ]/[ radNm  cUK  55.108  ]/[ radNm  
LN  120 ][  UN  80  ][  
 
Table. 3.4 Simulation Gains 
 
  
 
Fig. 3.8 Simulation verification for compensation torque (Link L) 
Parameter Value Unit 
gLFFf  8  ][Hz  
gUFFf  19  ][Hz  
gLFBf  6  ][Hz  
gUFBf  7  ][Hz  
gLOBf  100 ][Hz  
gUOBf  100 ][Hz  
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Fig. 3.9 Simulation verification for compensation torque (Link U) 
 
Fig. 3.10 Simulation verification for disturbance compensation (Link L) 
 
Fig. 3.11 Simulation verification for disturbance compensation (Link U) 
 
The second simulation is conducted to verify the effectiveness of the proposed compensation designs 
for the rigid load disturbances. The simulation results presented in Fig. 3.12 and Fig. 3.13 are 
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employed to show the validity of compensation for frictional forces. The frictional forces will be 
applied to joints when the ends of the spot welding robots contact the surface of welding targets. Due 
to the small operating range of the end effector of the spot welding robots, rotation angle of rigid loads 
will not change widely. So the frictional forces applied to the joints of the spot welding robots will not 
change continuously like sinusoidal signals. The instantaneous frictional forces are more like square 
wave. Therefore, step disturbances are assumed to be the representation of the frictional forces in this 
simulations. In the simulation results, the position responses of both link L and link U converge at the 
goal positions after the step disturbances compensations. There is no doubt that the proposed 
compensation designs for constant disturbances such as step disturbance are proper. 
 
 
Fig. 3.12 Simulation verification for spring constant error (Link L) 
 
Fig. 3.13 Simulation verification for spring constant error (Link U) 
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The last simulation is conducted to confirm the robustness of the proposed compensation designs for 
parameter errors. 20% of the nominal value of spring constant are added to the actual spring constant. 
Then, the simulation results are shown in Fig. 3.10. In the simulation results, there are not any 
obviously bad influences of spring constant errors in each response. In other words, with the proposed 
compensation designs, it is possible to ensure the robustness of the whole control system. 
With all above simulation results, it can be finally said that the proposed decoupling control strategy 
by using Model Following Control is a complete theory and the effectiveness demonstrated by the 
simulations also indicates that the expectation of the improvement of control performance of spot 
welding robots is completely possible by using the proposed decoupling control strategy. 
However, if the decoupling control objects are not limited to spot welding robots, the proposed 
decoupling control strategy must be extended for some new issues such as inertia changes of robot 
arms. As a common-sense question, the inertia of robot arms changes with spatial position of 
themselves. Generally, inexact identification of the inertia of robot arms causes some inertia errors, 
which must be taken into account in general control of industrial robot manipulators. In this paper, the 
inertia errors of robot arms are not considered because in the case of spot welding robots, the inertia 
of each is almost constant due to the very small change of spatial positions of arms. But, without loss 
of generality, another simulation is also conducted to make a discussion about the inertia errors of 
arms.  
 
Table. 3.5 Gains of simulation for inertia errors 
 
 
 
 
 
 
 
Control gains are adjusted in order to obtain the best control performance in the case that 5% of 
inertia error exist between the model and the actual 2-link manipulator. The adjusted gains are shown 
in Table. 3.5. The simulation results are shown in Fig. 3.14 and Fig. 3.15. With the adjusted gains, 
stable position responses are obtained. However, in comparison with the simulation results related to 
spring constant errors, the deterioration is also obvious and it is possibly due to the cause of the inexact 
estimations of observers. For the very critical inertia issues, the application of observers in the 
proposed decoupling control need to be discussed further. 
 
Parameter Value Unit 
gLFFf  7  ][Hz  
gUFFf  11  ][Hz  
gLFBf  5  ][Hz  
gUFBf  15  ][Hz  
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Fig. 3.14 Simulation verification for rigid load inertia error (Link L) 
 
Fig. 3.15 Simulation verification for rigid load inertia error (Link U) 
 
3.6 Conclusions 
In this chapter, a new decoupling control strategy by using Model Following Control for the 2-link 
industrial robot manipulator has been proposed. Several results have been achieved by using the 
proposed decoupling control strategy.  
(1)  The compensation torques have been designed in feed-forward loop and the designs 
become independent and much simpler in comparison with conventional decoupling control methods. 
(2)  Compensation strategy that using an observer and its estimations has been proposed in 
feedback loop to cope with the modeling error problems. With the feedback of the estimations, the 
imperfect compensation torque designed in feed-forward loop have been supplemented. 
(3) For practical application, the proposed strategy is a sample of decoupling control strategy, 
which is probably used for general-purpose servo systems. 
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Chapter 4 
 
Identification of joint friction 
 
4.1 About friction compensation 
 Generally, in mechatronics systems, friction is a reaction force between two surfaces in contact, 
which is opposite to the driving direction. Physically these reaction forces are the results of many 
different mechanisms and they depend on contact geometry, properties of the bulk, surface materials, 
displacement and relative velocity of the bodies and presence of lubrication. 
 Friction is an important aspect of many control systems especially for high precision servo 
mechanisms. It is a non-linear phenomenon that causes control performance of servo mechanisms to 
deteriorate. Typical errors caused by friction are steady-state errors in position regulation, besides 
friction also leads to tracking lags and limit cycles where the controller has integral action. As for the 
significance of friction, corresponding countermeasures are necessary. Control strategies that attempt 
to compensate for the effects of friction without resorting to high gain control loops, possibly are 
considered in two ways. One is to implement friction compensations in a feed-back loop with an 
estimation by using observer [37] - [39]. The other is to use a suitable friction model to predict and to 
compensate for the friction [40]. 
For the former, quality of friction compensations relies on the estimated precision of the effects of 
friction. However, high precision estimation of nonlinear friction is difficult to realize because 
observers used for estimation are basically designed based on a linear model. Although nonlinear 
observers have been proposed for an advanced estimation of nonlinear friction [41], the results are still 
unsatisfactory because nonlinear observers are originally designed based on a nonlinear friction model, 
which is ultimately obtained through experimental identifications and influenced by precision of 
experimental identifications. Be different from the former, the latter is possibly to make a better 
description of friction phenomena inherently. Therefore, the latter has been developed for years and 
types of these schemes are named model-based friction compensation techniques [42] - [44]. 
Several successful applications of model-based friction compensation techniques have been reported 
recently [45] - [47]. In these literature, linear motion guides were taken as a friction compensation 
object. Focus has been laid on both sticking and sliding conditions, which generally express 
relationships between friction and low and high velocities. With interpretation of relationship between 
friction and low velocity, these literature have also offered a demonstration that it is likely to design 
better friction compensation based on a suitable friction model, especially for extremely high precision 
positioning at low velocity. 
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Taking a view of previous model-based friction compensation literature, a common point is found 
that equipment of applications of friction model identification and compensation are machines directly 
driven by DC motors, such as linear motion guides and direct-drive (DD) robots. For the purpose of 
high torque output of arms of industrial robot manipulators such as handing robot, industrial robot 
manipulators with gear transmissions are essential and main, and extensively applied to manufactures 
in current days. In addition, due to the growing requirement of precision and multipurpose usage of 
industrial robot manipulators, constructions simultaneously become more complicated. Model-based 
friction compensation techniques become more important, however, have not been applied to types of 
manipulators with gear transmissions. Therefore, it is necessary to investigate a Model-based friction 
compensation technique for industrial robot manipulators with gear transmissions. But, before that, 
priority must be given to modeling and identification of joint friction of industrial robot manipulators. 
In this chapter, a modeling and identification technique of joint friction has been analyzed for industrial 
robot manipulators. 
 In section 4.2, an introduction about classical model and the LuGre model is shown and several 
properties of the LuGre model are given for the subsequent identifications. The experimental system 
used for identification is presented in section 4.3 and identification procedure is also shown in the 
same section. In order to verify the proposed identification strategy, several simulations are employed 
to compare with the experimental results in section 4.4. 
 
4.2 Friction model 
 Typical friction models that are classical models and dynamic model are described in this section. 
Friction that is generally thought as a force in linear systems is considered as a torque in rotating 
systems in this section. 
 
4.2.1 Classical models 
 This subsection will give a brief summary of some classical friction models which are also called 
static models. 
 Classical friction models are often considered as a function of velocity, see Fig. 4.1. The model shown 
in Fig. 4.1(a) is a typical Coulomb and viscous friction model. The Coulomb is independent of velocity 
and is always present. Viscous friction is in proportion to velocity. The behavior in each direction is 
assumed to be identical and asymmetrical. It is also considered that friction is zero for a velocity equal 
to zero. The model is given by 
vTvT Cfr 2)sgn(  , ...................................................... (4.1) 
where frT  is a friction torque, CT  is the Coulomb friction torque, 2  is the viscous coefficient 
and v  is the relative velocity between the two surfaces. 
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(a) 
 
(b) 
 
(c) 
Fig. 4.1 Classical friction models 
 
However, the Swiss scientist Euler found that a higher and instant force was needed to urge the 
surfaces to break away the condition of rest. Since that the higher and instant force has been taken into 
account and was called static friction. The model shown in Fig. 4.1(b) also reveals that friction is not 
zero when velocity is zero and provided a demonstration that friction is a discontinuous behavior in a 
transition from zero velocity to nonzero velocity. The model is described as 






0)sgn(
0
2 vifvTv
vifT
T
C
S
fr

, ………………..……… (4.2) 
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where ST  is the static friction torque. 
Findings did not stop. Stribeck discovered that the drop from static friction to Coulomb friction does 
not occur instantly and it is a continuous function of velocity [48]. So, now we have the model shown 
in Fig. 4.1(c), which is also mostly used for control or for advanced development of friction modeling. 
Sequentially, a well-known Stribeck effect has been developed by Bo and Pavelescu [49], which gives 
a significant influence to advanced friction modeling today. The model is given by 
vveTTvTT s
vv
CSCfr 2
)/(
)sgn()()sgn(
2
  , ………..……... (4.3) 
where sv  is the Stribeck velocity. 
 
4.2.2 LuGre models 
 In 1995, Canudas et al. presented a new dynamic model for friction [41], which captures most of 
friction characteristics observed experimentally such as the Stribeck effect, hysteresis, spring-like and 
varying break-away force. The effectiveness for control of this called LuGre model has been 
demonstrated in literature [41]. As an effective nonlinear friction model, it has been favored by many 
researchers, who attempted to use the LuGre model to compensate for the friction and to get an 
improvement of control performances of high precision positioning [44] - [46]. In order to minimize 
the influences to friction compensation, which are due to changes in external environments, adaptive 
friction compensation with the LuGre model has also been presented in literature [50] and [51]. 
 As section 4.1 shown, it is necessary to investigate the model-based friction compensation technique 
for industrial robot manipulators. But, before the friction compensation, an effective and appropriate 
identification strategy needs to be firstly considered. In this section, I will present a proposed 
identification strategy for the LuGre model, which has not been implemented in an industrial robot 
manipulator with transmission up to now. 
 The basic viewpoint in relation to the LuGre model is that the contact surface between two bodies 
are very irregular at microscopic level and they are visualized as two rigid bodies that make contact 
through elastic bristles, referring to Fig. 4.2. A variable z  is defined as average deflection.  
 
 
Fig. 4.2 Surface between two bodies in contact 
 
With this average deflection, the LuGre model are described as  
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v
dt
dz
zT fr 210   , …………………………..……… (4.4) 
z
vg
v
v
dt
dz
)(
||
 , …………………………..………… (4.5) 
 2)/(
0
)(
1
)( s
vv
CSC eTTTvg


, ……………………..……. (4.6) 
 
where parameter 0  is a stiffness and 1  is a damping coefficient. Function )(vg  is used to 
describe the Stribeck effect. With function )(vg , the average deflection is determined by Eq. 4.5. 
Then, Eq. 4.4 is proposed to determine the friction torque under condition of knowing the average 
deflection z .  
For better understanding of dynamical behavior of the LuGre model and details of proposed 
identification strategy shown later, several simulations with the LuGre model are also provided in this 
subsection. It is assumed that a unit of linear slider is driven by an actuator and friction behaves within 
the linear slider. Parameters used for simulations are to some extent based on literature [41], which are 
reported in Table.4.1. 
 
Table. 4.1 Parameters of simulations 
Parameter Value Unit 
J  1  ][ 2kgm  
0  
510  ]/[ radNm  
1  510  ]/[ radNms  
2  4.0  ]/[ radNms  
CT  1  ][Nm  
ST  5.1  ][Nm  
sv  001.0  ]/[ srad  
 
(1) Relationship between the LuGre model and classical models in constant velocity sliding 
motion 
The friction torque of the LuGre model will be a constant in the case of steady-state motion and it 
can be determined by Eq. 4.7, which is classical model (c). To verify an identical relationship between 
the LuGre model and classical model (c), the unit of linear slider is assumed to rotate with a constant 
velocity and subject to friction of the LuGre model. The constant velocity is shown in Fig. 4.3. The 
identical relationship between the LuGre model and classical model (c) is clearly demonstrated 
because both the friction torque of static model (c) and the LuGre model are the same value in the 
simulation result, referring to Fig. 4.4.  
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vveTTvTT s
vv
CSCfr 2
)/(
)sgn()()sgn(
2
  . ………………….. (4.7) 
In addition, value of friction torque is 1.4 Nm, which can be derived from Eq. 4.7 with neglect of the 
exponential item. The exponential item is an extremely small value and can be approximately seen as 
zero. Thus, a qualitative conclusion can be also drawn that friction torque of the LuGre model will be 
determined by 
vvTT Cfr 2)sgn(  , ………………….…………..…. (4.8) 
if the unit of linear slider is in a sliding motion. In other words, the LuGre model is in fact a classical 
model (a) in the case of a sliding motion. This conclusion will also be applied for the subsequent 
identification of CT  and 2  which is shown in section 4.3. 
 
 
Fig. 4.3 Constant velocity input 
 
Fig. 4.4 Friction torque 
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(2) Friction and Microdisplacement in stiction regime 
 It has also been shown that friction behaves like a spring if the applied force is less than the static 
force [52]. If a force is applied to two surfaces in contact there will be a displacement. Another 
simulation was performed to verify that whether the LuGre model can reflect this property.  
 
 
Fig. 4.5 Applied torque 
 
Fig. 4.6 Friction torque 
 
In the simulation, supposed that a torque was applied to the unit of linear slider and maximum value 
of the torque is 1.3 Nm, less than static friction torque, referring to Fig. 4.5. The unit of linear slider 
should logically remain the original static regime, not break-away and start to slide due to that on a 
macro viewpoint, friction torque is identical with the applied torque. From the simulation result, 
referring to Fig. 4.6, it can be said that the LuGre model is possibly expected to provide a varying 
friction torque and the varying torque maintains good balance with the applied torque. 
Presence of the microdisplacement has also been reflected by the simulation result, see Fig. 4.7. 
Meantime, notice that friction torque is only a function of displacement and the sign of velocity. It also 
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implies that the friction torque is only position dependent. This property of the LuGre model fully 
accords with literature [53] and will be further used for the proposed identification strategy. 
 
 
Fig. 4.7 Friction torque and microdisplacement 
 
Fig. 4.8 Behavior in stiction regime 
 
(3) Linearization in stiction regime 
 An investigation of linearization of the LuGre model in stiction regime has been shown in literature 
[41]. The average deflection z  has been totally regarded as displacement and z  is given by 
dt
d
dt
dz 
  ……………………..………..….…… (4.9) 
Based on Eq. 4.9, the equation of motion is finally given by 
0)( 021
2
 



dt
d
dt
d
J  ………………………. (4.10) 
where   is the rotation angle of the unit of linear slider. The motion equation shows that the system 
behaves like a damped second-order system. A simulation is performed to investigate this property. 
0v
0v
Chapter 4 Identification of joint friction 
 
- 9 - 
 
Step torque that its maximum value is smaller than the static friction torque, is given to the unit of 
linear slider. Then, a damped motion just occurs in the simulation result, referring to Fig. 4.8. With 
this important property of the LuGre model, identification procedure for 1  will be proposed in 
section 4.3. 
 
4.2.3 Modeling of joint friction with LuGre model 
 In this paper, a definition must be firstly cleared that joint friction of an industrial manipulator does 
not only mean friction of gear transmissions, it also includes the friction of bearings, which are built 
in the bodies of motors. The purpose of this chapter is to successfully identify the joint friction. 
The friction of bearings of motors and friction of gear transmissions are regarded as one friction in 
this paper due to next considerations. As presented in chapter 3, gear transmissions are in most cases 
modeled by spring systems. A spring coefficient is used in model of 2-inertia system to represent the 
spring system. As an independent mechanical device, the moment of inertia of gear transmissions, of 
course exist, but it is converted into moment of motors and considered as part of motors. In other 
words, motor and gear transmission are regarded as “one inertia” of the 2-inertia system. Thus, friction 
of motors and gear transmissions are naturally supposed to be combined together. Control of 2-inetia 
system with model-based friction compensation will be simplified and benefit from the combination 
in the future. 
 
 
Fig. 4.9 Structure of harmonic drive 
 
In addition, the LuGre model is used for representing the joint friction in this paper because the 
following reasons. First, the main components in a robot joint are bearings and gears (e.g. harmonic 
drive, referring to Fig. 4.9), lubricating grease or oil of bearings generates nonlinear friction. The 
nonlinear friction is the same type with the friction inside ball screw, which is already analyzed and 
modeled by the LuGre model [44] - [46]. Secondly, friction inside gears is often represented by two 
lubricated discs in a rolling-sliding contact in tribology. The LuGre model was exactly established 
based on two lubricated discs. Therefore, friction inside gears can also be represented by the LuGre 
model. Overall, both friction are types of friction that can be represented by the LuGre model and the 
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LuGre model was reasonably chosen in this paper. 
 
4.3 Experimental identification for LuGre Model 
It was shown that the LuGre model is characterized by six parameters 0 , 1 , 2 , CT , ST , sv  
in subsection 4.2.2. The proposed identification strategy of these six parameters through experiments 
will be presented in detail in this section.  
 
 
Fig. 4.10 Experimental system 
 
 
Fig. 4.11 Controller system 
 
4.3.1 Experimental system  
 The experimental system for the identification of the LuGre model is a 4-degree-of-freedom study 
model of industrial robot manipulator, referring to Fig.4.10, accompanied with a controller system 
shown in Fig. 4.11. The study model has one circling axis S and three vertical rotating axes L, U and 
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B. Links of the study model are driven by AC servo motors provided by Yasukawa Elec. Corp. and 
each motor is equipped with an absolute position encoder. Gear transmissions that are used for 
transmitting torques are type of harmonic drive. Specifications of the study model are shown in Table. 
4.2. The controller system mainly consists of a motion controller called MechatroS3-Cotroller, four 
servo packs and I/F board. The MechatroS3-controller houses single-board CPU, Analog Devices A/D 
and D/A boards, Digital input and output devices, Absolut serial input devices and USB and RS232 
communications. More detailed description of the whole experimental system are offered in appendix. 
 
Table. 4.2 Specifications of the study model 
Axis Motion range Max velocity Motor capacity Gear ratio Load capacity 
S 160  srad /66.3  W200  120   
 
kg3  
L 120 , 45  srad /97.2  W100  160 
U 180 , 20  srad /93.3  W50  120 
B 130  srad /23.5  W30  80  
 
4.3.2 Problem of identification in experimental system 
For identification of the LuGre model, the first step is to make a measurement of the Stribeck effect 
through experiments. In a linear screw or a DD robot, constant speed control is implemented to picture 
curve of the Stribeck effect based on 
JTT frref   …………………………………… (4.11) 
where refT  is a torque input for constant speed control. 
 
 
Fig. 4.12 Stribeck effect in positive direction 
 
Realization of constant speed control definitely means that the torque input is equal to friction. 
Therefore, a curve pictured between torque input and velocities is the curve between friction and 
velocities. Coulomb friction, viscous friction coefficient, the Stribeck velocity and static friction will 
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be read from the curve the Stribeck effect, see Fig. 4.12. 
In the case of an industrial robot manipulator with gear transmissions, each link is modeled by a 2-
inertia system, which is previously shown in chapter 3. Then motion equation of motor is given by 
.)( mmframCref JTKT 
  ………………………… (4.12) 
The curve of the Stribeck effect between friction and velocities is however, not like in linear screws 
and DD robots and not able to be pictured through picturing the curve between torque input and 
velocities due to the unknown twist torque (in fact due to unknown a ). Although, estimation 
techniques such as application of observers can be to some extent applied to estimate twist torque, the 
issue that whether observers can provide a proper and precise estimation of the twist torque for 
identifications is still a complicated problem and needed to be carefully considered. So, to resolve the 
critical problem of the unknown twist torque, which is a significantly unexpected barrier for 
identifications of parameters of the LuGre model, a new experimental system will be established in 
next subsection. 
 
4.3.3 Proposed experimental system 
 The first idea of resolution of the above problem is to remove rigid loads from links. Then, gear 
transmissions will be directly driven by motors. The twist torque will disappear if the system of 
combination of motors and gear transmissions is assumed to be a rigid system. However, the above 
strategy is not reasonable for practical application because the separation of rigid loads from links is 
not a simple work and disassembly-assembly operations will adversely affect original operation 
accuracy of industrial robot manipulators. Based on above consideration, another strategy that fixing 
rigid loads with some kind of mechanical tools or devices to prevent them to rotate comes out. As a 
consequence, rotation angles of rigid loads will be constant zero and the twist torque become available 
as a function of only m . With fixed rigid loads, links of industrial robot manipulators are modeled 
as follows, referring to Fig. 4.13. 
 
 
Fig. 4.13 The link with fixed rigid load 
 
Motion equation of the system shown in Fig. 4.13 is given by 
.mmfrmCref JTKT 
  ………………..…………… (4.13) 
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In the system, the curve of the Stribeck effect between friction torque and velocities is possibly 
available. With this system, procedure of the proposed identification strategy will be shown in detail 
in next subsection. 
 
4.3.4 Friction identification procedure 
 In this subsection, several experimental tests that are conducted to reveal the LuGre model are 
described. Prior to the commencement of each series of experimental tests, a brief system warm-up is 
conducted to circulate and equalize the temperature of the lubricants of the study model of robot 
manipulator. Besides, the temperature of surrounding environment of experimental system is also paid 
attention to avoid the temperature influence on the friction identifications. Experimental identification 
tests of friction are conducted in Axis-B, in both directions, but only samples of single direction of 
experimental results are shown in this subsection. 
(1) Identification of Coulomb, viscous friction and static friction 
A completely new experimental test is carefully considered to investigate Coulomb and viscous 
friction in this paper due to the reason that traditional identification strategy of Coulomb and viscous 
friction via the curve of the Stribeck effect is not able to be applied in the proposed system. A wide 
range of velocity desired in traditional strategy means a wide range of rotation displacement of motors 
at a certain time. Large rotation displacement brings gear transmissions to continuously bear large 
twist torque, however, the large twist torque does not dissipate because arms are fixed. A sharp 
increased twist torque is likely to lead to damage to gear transmissions. Therefore, a new experimental 
test is proposed for identifying Coulomb and viscous friction. Another important thing that must be 
pointed out here is gravities. Arms are fixed in the proposed system, so there is no need to take gravities 
into consideration during the identification procedure. 
The first step of the proposed experimental test is to determine a proper goal rotation displacement 
of motors, which must be not too large, and meantime, too small, which brings no motion between 
motors and gear transmissions. There are no criterions for selection of the goal rotation displacement 
and the goal rotation displacement in this paper is determined freely according to practical experiences. 
The identification of Coulomb and viscous friction is based on an experimental test of position 
control of motors. Supposed that a typical square wave acceleration is given to motors, referring to 
Fig. 4.14, the goal rotation displacement is determined by calculating the double integral of 
acceleration. Rotation displacement of motors are controlled and an example of position response 
shown in Fig. 4.15 will be read from absolute sensors. A backward difference approximation of 
position response is regarded as velocity response, referring to Fig. 4.16. 
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Fig. 4.14 Schematic representation of acceleration input 
 
Fig. 4.15 Schematic representation of position response 
 
Fig. 4.16 Schematic representation of velocity response  
 
As it is shown in Fig 4.16, three time variables 0t , 1t  and 2t  are defined for identification of 
Coulomb and viscous friction. 
0t  :  start time point of linear motion 
1t  :  a certain time point of linear motion 
2t  :  another time point of linear motion 
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With the position and velocity response, Coulomb and viscous friction are derived from Eq. 4.13. 
The integrals of Eq. 4.13 over time interval  10 tt   20 tt  are given by 
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Thus,  
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where 0m
 , 1m
  and 2m
  are velocities when t  is equal to 0t , 1t  and 2t . In section 4.2.2, it 
has been shown that the LuGre model inherently is classical model (a) in the case of sliding motion 
and frT  is expressed by 
mCfr TT 

2  ……………………….…………. (4.18) 
Inverting Eq. 4.18 into Eq. 4.16 and Eq. 4.17 gives 
)()( 012011 mmC ttTC    ……………….…………. (4.19) 
)()( 022022 mmC ttTC    …………………………. (4.20) 
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Then, two parameters   and   are introduced and 
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Finally, CT  and 2  are derived from Eq. 4.19 and Eq. 4.20 and given by 
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(a) Square-wave acceleration input 
 
(b) Velocity response 
 
(c) Position response 
Fig. 4.17 Experimental results of position control 
 
The used square-wave acceleration input and one of experimental results (position and velocity 
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response) are shown in Fig. 4.17. In the velocity response, an obvious sudden change phenomena 
occurs around 0.1 second because motor break-away the static friction. Then, velocity increases 
monotonically with increasing time till 0.4 second. 0t , 1t  and 2t  are determined within time 
interval [0.1 0.4]. Naturally, the derivation of CT  and 2  is still valid even if 0t , 1t  and 2t  are 
chosen in monotonic decreasing interval of the velocity response. 
The velocity response is also pretreated for improving identification accuracy with filter processing. 
Obviously, the velocity response is not a perfect ramp and noise that is generated not only by the 
backward difference approximation of position occur in the velocity response. Two kinds of low-pass 
filters (called feed-forward and backward low-pass filter) are designed to remove the noise. Firstly, 
velocity response was filtered by a digital feed-forward low-pass filter 
...3,2,1)()1()1()( 

kkekvekv mfoutfout
sampTsampT
   .………. (4.27) 
where foutv  is an output of the feed-forward low-pass filter. Noise is attenuated, however, the signal 
of foutv  is still not able to be used directly for the identification of Coulomb and viscous friction due 
to the time delay which is generated by the feed-forward low-pass filter. 
Then, a backward low-pass filter is applied to velocity response 
...2,1,)()1()1()( 

nnnkkekvekv mboutbout
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   …..…. (4.28) 
where boutv  is an output of the back low-pass filter. With the output of filters, an arithmetical average 
is calculated 
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fbm  …………………..…. (4.29) 
where fbmv  is the arithmetical average.  
 The filter processing result of the velocity response with ][01.0 s  is shown in Fig. 4.18. In the 
enlarged view, noise is nearly removed by filtering. The time delay issue of low-pass filter is also 
resolved. Finally, the arithmetical average is used instead of velocity response for the identification of 
Coulomb and viscous friction.  
Conventional measurement strategy of the static friction that is often adopted is to offer a ramp torque 
and to observe the sudden change of velocity or position, then, to judge the static friction according to 
the sudden change time of velocity or position. In this paper, the static friction is read from the input 
torque, when velocity suddenly changes around 0.1 second. The identification result is shown in Table. 
4.3, which is the mean value of ten experimental results. 
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(a) A whole view 
 
(b) Enlarged view 
Fig. 4.18 Filter processing of velocity response 
 
Table. 4.3 Identification result of CT  and 2  
Parameter Value Unit 
CT  
21087.1   ][Nm  
2  
41079.3   sec]//[ radNm  
ST  
21015.2   ][Nm  
 
(2) Identification of Stribeck velocity 
 For the Stribeck velocity, it is known as the representation of the Stribeck effect, which can only be 
found in the Stribeck effect. However, it is presented that the Stribeck effect is not able to be measured 
in the proposed system due to the fixed rigid loads. Considering that the Stribeck effect is only related 
to load, viscosity and velocity, it maybe lead a conclusion that the curve profile of the Stribeck effect 
is not affected by external force. In other words, the curve profile of the Stribeck effect measured in a 
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regular link (with rigid load) is the same with the link without rigid load (called no-arm link). An 
experiment is conducted to prove this conclusion. Velocity control is implemented to the regular link 
and no-arm link with various velocities to measure the Stribeck effect. The experimental results are 
reported in Fig. 4.19 
 In the experimental results, the curve profile of the regular link (expressed with witharm) is almost 
the same as one of the no-arm link (expressed with noarm). Especially, velocity is the same when the 
friction becomes the minimum value. The experimental results also lead to a qualitative conclusion 
that the measurement of the Stribeck velocity is not affected by twist torque. The Stribeck velocity 
measured in a regular link can be completely taken as the real Stribeck velocity of the proposed system. 
 
 
Fig. 4.19 Measurement of the Stribeck effect 
 
 From the measured Stribeck effect, the Stribeck velocity is determined in Table. 4.4. 
 
Table. 4.4 Identification result of sv  
Parameter Value Unit 
sv  35  ][rpm  
 
(3) Identification of stiffness coefficient 
The identification of stiffness coefficient is particularly interest and difficult in all parameters 
identification of the LuGre model. Canudas De Wit and Lischinsky [54] reported that both the stiffness 
and damping coefficient can be estimated by non-linear numerical optimization methods with 
prerequisites that the static parameters (static, Coulomb and viscous friction) and system inertia are 
assumed to be available. The parameters identification by using genetic algorithm was also reported 
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recently for improvement of identification quality [55]. Improvement of identification are to some 
extent able to be expected in these optimization algorithms. However, a precise estimation of stiffness 
coefficient relies on precise estimation of static friction parameters. It is not a direct identification 
manner to seek the true value and a little complicated to be utilized. Intuitive and simple identification 
strategy for stiffness coefficient with a suitably designed experiment is proposed in this paper. 
As it is presented in subsection 4.2.2, system behaves like a spring (called nonlinear spring behavior) 
if the applied force is less than the static force. The relation between friction and microdisplacement 
is developed further to contribute to the identification of stiffness coefficient. An applied torque that 
varies in the form of a sinusoidal signal is assumed to be given to a system that consists of two contact 
surfaces. 

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where f  is an ordinary frequency and is supposed to be determined in low frequency region. Then, 
Fig. 4.20 shows the relation between the applied force and displacement of the system.  
The nonlinear spring behaviors are similar for STT 0 , when typical hysteresis motions ( AA  ,
BB   and CC   ) are exhibited. The friction torque is only position dependent and the 
displacement changes with increasing torque level. For STT 0 , a rolling behavior begins and 
displacement changes obviously ( DD  ), when the larger input torques exceed the static friction 
torque.  
 
 
Fig. 4.20 Nonlinear spring behavior and rolling behavior 
 
With the nonlinear spring behavior, the identification of 2  is proceeded as follows. During the 
statiction regime ( STT 0 ), velocity and differential of the average deflection z  are extreme small 
values and need not to be taken into account. Thus, an approximate calculation can be concluded 
zTT frref 0  …………………………..……….. (4.31) 
Assuming that the experiment is preformed from initial condition ( 0)0( z ), then 0  can be 
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explicitly and approximately computed from  
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In Fig. 4.20, 0  is considered as the slope of AA  , BB   and CC  . 
Therefore, to obtain 0 , an experiment that is used to measure the nonlinear spring behavior is 
necessary. The frequency of the sinusoidal torque chosen for the experiment is 2 Hz. The sinusoidal 
torque is given to the B link of the study modelof industrial manipulator, referring to Fig. 4.10, to bring 
a slowly varying hysteresis motion and meanwhile the slowly varying hysteresis motions can be better 
observed. The experimental tests are conducted for 12 different 0T . Especially, 0T  is chosen for two 
patterns that are less and larger than the static friction, which are reported in Table. 4.5. In Table. 4.5, 
0T  is expressed as the ratio between value of 0T  and rated torque. By the way, approximate ratio 
between the static friction and rated torque (0.095 Nm) of the B link is 23%. 
 
Table. 4.5 Values of 0T  
Pattern Value Unit 
STT 0  2 5 8 10 15 20 [%] 
STT 0  25 26 27 29 31 32 [%] 
 
Several samples of observed nonlinear spring behavior and rolling behavior are collected from 
experimental results and shown in Fig. 4.21 and 4.22. The experimental results accords with 
expectation.  
The maximum and minimum displacement are recorded from the hysteresis motions ( STT 0 ). The 
calculated results of 0  from the hysteresis motions ( STT 0 ) are reported in Table. 4.6. Attentively, 
the data %250 T  that is close to static friction is also taken into account. Then, notice that 0  is 
not a constant value. This result also accords with the conclusion that are reported in literature [42]. 
As the same with literature [42], a function shown in Eq. 4.33 is given to determine 0 . 
2
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  ……….…………….……….. (4.33) 
where 06.21 k , 4.42 k  and 004.03 k . The values of the constant coefficient 1k , 2k  and 
3k  are determined according to literature [42]. 
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Fig. 4.21 Hysteresis motions STT 0  
  
Fig. 4.22 Hysteresis motions STT 0  
 
Table. 4.6 Identification result of 0  
Parameter Value Unit 
0T  2 5 8 10 15 20 25 [%] 
0  9.50 5.93 4.75 5.59 3.65 2.60 2.06 ]/[ radNm  
 
(4) Identification of damping coefficient 
 The damping coefficient is identified by utilizing the linearization property. It has been presented in 
section 4.2 that the displacement behaves like a damped second-order system. The Laplace transform 
of Eq. 4.10 is shown in Eq. 4.34 and a typical second-order system is given by Eq. 4.35.  
0)( 021
2  mmmm ssJ  …………………………. (4.34) 
refmmm ss  
22 2 ……………………………. (4.35) 
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Compared two equations, damping coefficient 1  can be explicitly derived from 
21 2   mJ ……………………………………. (4.36) 
where vicious coefficient 2  is an already-known value from subsection 4.3.4. 
The experimental test applied a step torque to obtain a displacement of motor. The response of 
second-order system are fitted to the displacement to determine a suitable value of   and  . Then, 
damping coefficient 1  is computed from Eq. 4.36 with the determined   and  . 
 One of experimental results and the fitted second-order response are shown in Fig. 4.23. Note that 
the response of second-order system is not perfectly fitted with the displacement. The response of 
second-order system is not able to be fitted completely with the displacement due to that the behavior 
of the displacement is just a likely second-order system. The fitted response of second-order system is 
determined by trial and error in this paper. With the fitted response, value of the damping coefficient 
1  is finally determined, which is 0.06 sec]//[ radNm . 
 
 
Fig. 4.23 Experimental result and fitted simulation response 
 
4.4 Verifications 
The relevance of friction and microdisplacement (shown in subsection 4.2.2) is the most important 
characteristics for high precision positioning control of industrial robot manipulators. So, with the 
determined LuGre model, in subsection 4.4.1, the comparison between the simulations and 
experiments are carried out to verify the relevance of friction and microdisplacement. In subsection 
4.4.2, simulation results of square wave torque input are provided to show the behavior in stiction 
regime. Furthermore, a verification in semi-closed loop is also provided in subsection 4.4.3 to present 
that the LuGre model is better for model-based friction than classical models. In verifications, both 
the simulations and experiments are conducted in B link, referring to Fig. 4.10. 
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4.4.1 Verification for microdisplacement 
With a sinusoidal input torque, the simulation results and experimental results are shown in Fig. 4.24, 
Fig. 4.25 and Fig. 4.26. The maximum values of the sinusoidal input torque 0T  are determined by 
10%, 15% and 32% to the rated torque. In the simulations, microdisplacement are produced by the 
input sinusoidal torque and continuously increase with the increasing torque level. The hysteresis 
motions also take place in the simulations. Especially, rolling behavior occurs in the simulation when 
0T  exceeds the static friction torque, referring to Fig. 4.26. 
In addition, the respective maximum displacement of the simulation is ][107.1 3 rad ,  
][109.3 3 rad  and ][1001.6 1 rad , which is nearly the same with the corresponding experimental 
results ][108.1 3 rad , ][104.4 3 rad  and ][1018.6 1 rad . The same maximum displacement 
is not only in Fig. 4.24 and Fig. 4.25, where value of 0T  is below the static friction, but also in Fig. 
4.26, where maximum value of 0T  is larger than the static friction. With this results, it can be strongly 
said that the identified 0  is proper and exact. 
 
 
Fig. 4.24 Verification of microdisplacement ( %100 T ) 
 
Fig. 4.25 Verification of microdisplacement ( %150 T ) 
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Fig. 4.26 Verification of microdisplacement ( %320 T ) 
 
4.4.2 Verification with square wave torque 
Experimental tests and simulations with square wave torque are also conducted to mainly discuss the 
identification of 1 . The square wave torques are applied to produce vibration of displacement. The 
maximum values of the square wave torque 0T  are determined by 10%, 15% and 30% to the rated 
torque, referring Fig. 4.27. Corresponding experiment and simulation results are shown in Fig. 4.28, 
Fig. 4.29 and Fig. 4.30. The experimental results are shown on left to compare with the simulations 
that are shown on right.  
 
 
Fig. 4.27 Square wave torque input 
 
In Fig. 4.28, Fig. 4.29 and Fig. 4.30, first, one of the obvious common features is that the maximum 
displacement of experiments and simulations are almost the same. This feature also demonstrates that 
parameters of the LuGre model are identified properly. Secondly, as the same with the experimental 
results, vibration also occurs in the simulations, which means that a similar behavior of second-order 
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system ( 1 ) can be reflected by using the identified LuGre model. However, frequency of vibration 
of the experiments and simulations are not the same. In comparison with the experimental results, the 
system (B link) behaves like a second-order system with a bigger   in the simulations. This is also 
in accordance with the shown Fig. 4.23, where at the very beginning, a simulated second-order system 
with bigger   is used to identify 1 . 
 
 
Fig. 4.28 Verification with square wave torque input ( %100 T ) 
 
Fig. 4.29 Verification with square wave torque input ( %150 T ) 
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Fig. 4.30 Verification with square wave torque input ( %300 T ) 
 
4.4.3 Verification in PD control 
 In order to truly observe the fricition characteristics of the study model, the experimental tests of 
subsection 4.4.1 and subsection 4.4.2 are conducted in open loop to avoid the influnce of control. In 
this part, discusses of effectiveness of the proposed identification strategy and possiblity of friction 
compensation with the identified LuGre model are based on the experimetal tests that are conducted 
in closed loop. A PD controller is designed for B link of the study model and the control law is 
])([ mmrefPVmref KKJT 
 …………………………. (4.37) 
where is ref  the position command, VK  and PK  are control gains and reported in Table. 4.7. 
Then, the position response and velocity are recorded and meantime, two simulations under the same 
conditions with the classical friction model and the LuGre model are implemented. The simulated 
position response and velocity are shown together with the experimetal results in Fig. 4.31 and Fig. 
4.32. Fig. 4.31 is postion response and Fig. 4.32 is velocity response. 
 
Table. 4.7 Control gains 
Gain Value Unit 
VK  160 ][s  
PK  40 ]/1[ s  
 
From the position response, the difference between simulations and experimental results appears as 
the time delay during the transient motion. The final arrival position in the simulation with the LuGre 
model is nearly the same with the experimental results and also closer to the experimental results than 
the simulation with the classical model, referring to Fig. 4.31 (b). During the steady-state, the 
amplitude of vibration of the experimental position response goes decreasingly and finally the system 
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(B link) stops due to the friction. In the simulation with the LuGre model, a same phenomenon is 
observed even though the attenuation of the vibration is less than the experimental results. The details 
of this phenomenon is more obvious in enlarged view of velocity. However, in the simulation with 
classical model, the position response differs from the experiment which appear as the form of 
continuous vibration. With above discusses, it can be said that the proposed identification of the LuGre 
model is effective and in comparison with the classical model, the LuGre model is completely can be 
used for model-based friction compensation. 
 
 
(a) Whole view 
 
(b) Enlarged view  
Fig. 4.31 Verification in PD control (position response) 
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(a) Whole view 
 
(b) Enlarged view 
Fig. 4.32 Verification in PD control (velocity response) 
 
4.5 Conclusions 
In this chapter, an identification strategy of joint friction has been proposed and presented for 
industrial robot manipulators. Several results have been achieved by using proposed identification 
strategy 
(1) The proposed identification strategy has succeed in accurately identifying LuGre model and 
it is not affected by twist torque when links of industrial robot manipulator are modeled by 2-inertial 
system. 
(2) With the obtained LuGre model, simulations are conducted in both open loop and closed 
loop to compare with experimental results. The corresponding results of the comparison have further 
demonstrated that the identified LuGre model is close to the actual friction of joint and it is better than 
the classical friction model for model-based friction compensation. 
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Chapter 5 
 
Conclusions 
 This paper has attempted to improve control performances of industrial robot manipulators and 
shown three new studies in three aspects. The paper has not only focused on a study of a new control 
strategy (decoupling control by using Model Following Control), but also studied a new command 
processing technique (a new interpolation scheme for position) and a new identification technique of 
friction (identification of joint friction). After making an extensive inquiry concerning high 
performance control of industrial robot manipulators, it is found that development and progress of 
high performance control of industrial robot manipulators should not only rely on studies of new 
control methods, studies should pay more and more attention to input command and mechanical 
characteristics of the industrial robot manipulator itself because command and mechanical 
characteristics are very important aspects of the industrial robot manipulator system and they are 
closely related to high performance control. Therefore, the studies of command processing and 
identification of mechanical characteristic of industrial robot manipulators are conducted together with 
the study of control strategy in this paper. 
 In the study titled a new interpolation methodology for position, the most important achievement is 
realization of a successive interpolation manner. Due to this, the study has also realized 
● High efficiency interpolation of position command 
● High accuracy interpolation of position command 
● Reduction of computation. 
Besides, an application of the new interpolation methodology in perfect tracking control has also been 
offered and the results demonstrate that use of the studied command processing technique is a very 
big advantage for high performance control of industrial robot manipulators and moreover, the new 
interpolation methodology is better than Spline interpolation, which is the most commonly used 
interpolation technique. 
 In the study of decoupling control by using Model Following Control, a new decoupling control 
strategy that is based on Model Following Control has been presented. The emphasis of this work is 
not only on improvement of control performances but also on practical application issue of the 
decoupling control theory. In comparison with conventional decoupling control theories, the new 
decoupling strategy has achieved 
● Successful designs of compensation torques in feed forward loop 
● Successful designs of compensations for disturbances in feedback loop, 
which are also the most difficult potential subjects that arise from the new decoupling strategy. Due to 
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these, the new decoupling strategy is easy to be used for general purpose industrial robot manipulators 
and at last, simulation verifications have also shown that the new decoupling strategy is effective for 
the improvement of control performances. 
 In the study of identification of joint friction, a completely new identification strategy of joint friction 
has been proposed and it succeeds in avoiding the effect of twist torque on friction measurement and 
achieves accurate identification of joint friction. Joint friction has been modeled by LuGre model and 
six parameters of LuGre model are successfully obtained by using the new identification strategy. With 
several verifications that are comparisons between simulations and experimental results, it has been 
demonstrated the obtained LuGre model is proper and effective. 
 With above three studies, high performance control of industrial robot manipulators has been 
ultimately realized and this result also provides a very strong demonstration; high performance control 
of industrial robot manipulators needs to be considered in different perspective and command, control 
algorithm and mechanical characteristics need to be integrated and studied to improve performances 
of industrial robot manipulators. 
 Three aspects of studies have been conducted in this paper and the new interpolation methodology 
of position command, decoupling control strategy and identification strategy of joint friction will be 
deeply studies in the future. Moreover, studies of command processing, control strategy and 
identification of mechanical characteristics are expected to be integrated to contribute to higher 
performance control of industrial robot manipulators. If an idea needs to be given, three parts of the 
idea are 
● Establishing control strategy according to problems of application of industrial robot manipulators 
● Investigating a command processing technique, which is optimal for control strategy 
● Clearing mechanical characteristics, which affect control performances. 
Processing of command, control and identification of mechanical characteristics should be conducted 
simultaneously in servo systems. After establishing proper control strategy, command processing 
technique will be employed for serving control strategy. In other words, the most suitable command 
for control strategy will be obtained by using command processing technique. Meantime, the already 
known information of mechanical characteristics obtained by for example, identifying will be notified 
to control processing to not only clear the adverse mechanical characteristics, but also possibly use 
some of favorable mechanical characteristics. Study approach of command processing and 
identification of mechanical characteristic together with a study of control strategy will integrally bring 
high performance control of industrial robot manipulators to a new level. 
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Appendix 
 
A.1 Main components of controller system 
 Main components of controller system are shown in Fig. A.1. 
 
 
Fig. A.1 External appearance of controller system 
 
① MechatroS3-Controller (MS3-C) 
② I/F board 
③ DC 24V power supply 
④ Main power supply circuit 
⑤ Emergency stop relay 
⑥ Servo packs 
   SGDM-02BDA (axis S) 
   SGDM-01BDA (axis L) 
   SGDM-A5BDA (axis U) 
   SGDM-A3BDA (axis B) 
⑦ AC servo motors 
   SGMPH-02B1A6E (axis S) 
SGMPH-01B1A6E (axis L) 
SGMAH-A5B1A6E (axis U) 
SGMAH-A3B1A6E (axis B) 
⑥  and ⑦  are products of Yasukawa Corporation and specifications of ⑥  can be known by 
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referring to  
http://www.e-mechatronics.com/product/servo/sgm2/amps/ac/sgdm/index.html, 
specifications of ⑦ can be known by referring to http://www.e-
mechatronics.com/product/servo/sgm2/motors/sgmph/index.html. 
 
A.2 Introduction of MS3-C 
The MechatroS3-controller is provided by Yaskawa Elec. Corp. Information Systems Corporation 
and houses single-board CPU, Analog Devices A/D and D/A boards, Digital input and output devices, 
Absolut serial input devices and USB and RS232 communications, referring to Fig. A.2. Main 
specifications of MS3-C are given in Table. A.2 
 
 
Fig. A.2 MS3-C 
 
Table. A.2 Main specifications of MS3-C 
CPU Manufactured by Hitachi, HD6417750(SH-4) BGA 256 pin 
Operating frequency 192MHz 
Maximum bus frequency 96MHz 
FlashROM Manufactured by Toshiba TC58FVT160FT-85 
16bit×1Mbit NOR-Flash 
Memory Manufactured by Hitachi SDRAM HM5264165FTD-60×2 
(16bit×4Mbit) ×2 
SRAM Manufactured by Toshiba TC55v16256FT-12 
16bit×32Kbit 
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